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Abstract

This study investigated the effects on concrete transport properties
provided by a commercial hydrophobic admixture called Hycrete, and
used the results in a proprietary reactive transport model called
STADIUM®, This model, incorporated into Unified Facilities Guide
Specification 03 31 29 (Marine Concrete), supports a performance-based
approach for estimating the service life of a concrete-based system in a
marine environment. The researchers developed specific laboratory
modules to characterize the moisture and chloride transport properties of
mixtures with and without Hycrete to serve as input parameters for
estimating the service life of structures.

Tests were performed on three different concrete mixtures, each prepared
with O (reference case), 1, and 2 gal/yd3 of admixture. One test series
indicated that Hycrete has no effect on compressive strength and total
pore volume or, in most cases, diffusion coefficients. Moisture-transport
tests showed that the admixture mildly reduced drying rates and clearly
reduced water-absorption rates.

With the data implemented in STADIUM it was possible to reproduce the
measured chloride profiles in samples exposed to wetting/drying cycles in
sodium chloride solutions. The modeling results showed that a mixture
prepared with Hycrete and exposed to exposure cycles exhibits a lower
chloride-ingress rate, reasonably replicating the experimental
observations.

DISCLAIMER: The contents of this report are not to be used for advertising, publication, or promotional purposes.
Citation of trade names does not constitute an official endorsement or approval of the use of such commercial products.
All product names and trademarks cited are the property of their respective owners. The findings of this report are not to
be construed as an official Department of the Army position unless so designated by other authorized documents.

DESTROY THIS REPORT WHEN NO LONGER NEEDED. DO NOT RETURN IT TO THE ORIGINATOR.
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Foreword

From FYQ9 to FY10, ERDC-CERL performed or supervised several studies
on a hydrophobic concrete admixture to explore its characteristics, its ef-
fects on concrete to which it was added, and its ability to reduce moisture
penetration as a way to mitigate the corrosion of reinforcement bars.
SIMCO Technologies, Inc., was subcontracted by Mandaree Enterprise
Corporation (MEC) of Warner Robins, GA, to investigate the effect of the
damproofing agent Hycrete®* on the moisture-transport properties of
concrete and to incorporate the findings into a reactive-transport model
called STADIUM®. T

The first part of the study was an experimental program to gather infor-
mation on the effect the admixture has on concrete properties. Compres-
sive strength and total pore volume were not affected but the tests
associated with moisture transport showed beneficial effects. Using the
experimental results, a moisture-transport model developed by SIMCO
was modified to account for the admixture. This was achieved by propos-
ing a new relationship to model the relative permeability parameter. This
relationship was implemented in the complete STADIUM model.

It was possible to reproduce measured chloride profiles in samples ex-
posed to wetting/drying cycles in sodium chloride solutions. The experi-
mental results showed that a mixture prepared with Hycrete and exposed
to exposure cycles exhibits a lower chloride ingress rate. The model results
were in line with those experimental observations.

The model was used to simulate the long-term effect of Hycrete in the tidal
zone of a marine structure. After 50 years, the model shows that chloride
profiles would penetrate much less deeply than in a comparable non-
Hycrete® mix. The direct consequence is to significantly delay the onset of
rebar corrosion, thus positively contributing to the durability of the con-
crete structure.

* Hycrete is a registered trademark of Hycrete, Inc., Little Falls, New Jersey.

T STADIUM (Software for Transport and Degradation in Unsaturated Materials), a registered trademark of
SIMCO Technologies, Inc., Quebec City, Quebec, is a concrete service-life prediction tool.
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Other ERDC-CERL research reports have been published about this ad-
mixture material:

Michael K. Mclnerney, Steven C. Sweeney, Orange S. Marshall Jr., and Lawrence Clark.
2017. Investigation of Hydrophobic Concrete Additive for Seawall Replacement
at Pililaau Army Recreation Center, Hawaii: Final Report on Project FO9-
ARO5A. ERDC/CERL TR-17-10. Champaign, IL: ERDC-CERL.
http://dx.doi.org/10.21079/11681/22550

Steven C. Sweeney. 2017. Exposure Testing of Hycrete Concrete Additive in a
Wastewater Treatment Environment: Final Report on Project FO9-ARO5B.
ERDC/CERL TR-17-11. Champaign, IL: ERDC-CERL.
http://dx.doi.org/10.21079/11681/22583

Lawrence R. Wachowski, Paul G. Tourney, Mathew A. Miltenberger, and Neal S. Berke.
2018. Hydrophobic Concrete Admixture Product Testing and Validation:
Contractor’s Supplemental Report for CPC Project FO9-ARO5A. ERDC/CERL
CR-17-4. Champaign, IL: ERDC-CERL.

Michael K. Mclnerney, P.E.

Program Coordinator, Corrosion Prevention and Control
ERDC-CERL
Champaign, IL
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Preface
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= ASTM: American Society for Testing and Materials

= (CSA: Canadian Standard Association
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= GU: general use (cement)

= ICP-OES: inductively coupled plasma optical emission spectrometry
= OPC: Ordinary Portland cement

= RH: relative humidity

= UFGS: Unified Facilities Guide Specifications

= w/b: water-to-binder ratio

= w/c: water-to-cement ratio
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1 Executive summary

SIMCO Technologies inc. (SIMCO) was mandated to investigate the effect of the
damproofing agent Hycrete® on the transport properties of concrete material and to
incorporate the findings in its proprietary reactive transport model called STADIUM®.
STADIUME® is part of the Unified Facilities Guide Specification (UFGS), a performance-based
approach for new concrete construction issued by the U.S. Army Corps of Engineers, the Air
Force Civil Engineer Support Agency, the National Aeronautics and Space Administration,
and the Naval Facilities Engineering Command. In order to test concrete mixture within the
UFGS methodology, specific lab modules were developed by SIMCO. The lab modules allow
the characterization of the mixtures’ transport properties, which are used as input
parameters in the model to estimate the service-life of a structure. These tests were part of
the present study.

The first part of the study was dedicated to an experimental program aimed at gathering
information on the effect this admixture has on different material properties. The tests were
performed on three different concrete mixtures, and each mix was prepared with 0
(reference case), 1 and 2 gal/yd3 of admixture.

The results showed that Hycrete® has no effect on some properties. According to the
results, compressive strength and total pore volume were not affected by the presence of
the product in the mix. In most cases, the same could be said for diffusion coefficients.
However, one mixture (0.4 w/c OPC) showed a positive effect of Hycrete®; increasing the
amount of admixture contributed to lower the diffusion coefficients for this particular mix.
This was confirmed by chloride ponding tests in immersed conditions.

The tests associated with moisture transport showed beneficial effect when Hycrete® was
considered. For this test series, the presence of the damproofing agent was shown to mildly
affect drying rates but clearly lowered water absorption rates. However, using 2 gal/yd3 of
Hycrete® instead of 1 gal/yd3 did not prove more effective. The absorption rates, although
clearly much lower than those measured on a comparable reference mixture, were mostly
the same for the two dosages. Also, the tests showed slightly reduced drying rates when
more Hycrete® was used, thus contributing to keep more humidity in the material. Overall,
the beneficial effect of the 2 gal/yd3 over 1 gal/yd3 could not be shown decisively from this
experimental program. But the most important conclusion from those tests is that Hycrete®,
compared to a material without the admixture, clearly improved the ability of a mixture to
repel water and stay dry.

An unusual effect of the admixture was to yield similar drying rates when test specimens
were exposed to 50% and 75% relative humidity conditions. In comparison, the reference
mixes all behaved as expected: the drying rates were higher for samples exposed to lower
RH.

SIMCO Technologies Inc. 2013 Page | 3
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Based on this information, a moisture transport model developed by SIMCO was modified to
account for Hycrete®. This was achieved by proposing a new relationship to model the
relative permeability parameter:

1
K= ——
" 1—a+aS®

with the following set of parameters, depending on the type of mixture:

Type of mixture a b
w/o Hycrete® 70 -5
With Hycrete® 1x104 -30

Using this new relationship in combination with a lower permeability allowed reproducing
the results of drying/wetting experiments.

Being able to reproduce the behavior of a Hycrete® mixture by simply selecting the proper
set of parameters in the moisture transport model means that the test procedures in the
UFGS methodology could be used to test concrete batched with the admixture. The
possibility of specifying the presence of Hycrete® would simply need to be added to the lab
modules of STADIUM®,

This relationship was then implemented in the complete STADIUM® model. It was possible
to reproduce measured chloride profiles in samples exposed to wetting/drying cycles in
sodium chloride solutions. The experimental results showed that a mixture prepared with
Hycrete® and exposed to exposure cycles exhibits a lower chloride ingress rate. The model
results were in line with those experimental observations.

Finally, the model was used to simulate the long-term effect of Hycrete® in the tidal zone of
a marine structure. After 50 years, it was shown that chloride profiles in a mixture
incorporating Hycrete® would extend much less deeper than in a comparable reference mix.
The direct consequence would be to significantly increase the time needed before rebar
corrosion is initiated, thus positively contributing to the durability of the concrete structure.

SIMCO Technologies Inc. 2013 Page | 4
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2 Introduction
2.1 Context

SIMCO Technologies (SIMCO) has been involved over the past decade in the development of
STADIUMS®, a service-life prediction tool that models the penetration of contaminants such
as chlorides and sulfates in concrete structures. STADIUM® is based on a multiionic reactive
transport model that takes into account diffusion, moisture transport, temperature
variation and chemical reactions occurring inside cementitious materials to assist civil
engineers predicting the long-term service-life of structures exposed to various aggressive
environments.

Since February 2010, STADIUM® is an integral part of the Unified Facilities Guide
Specification (UFGS), a performance-based approach for new concrete construction issued
by the U.S. Army Corps of Engineers, the Air Force Civil Engineer Support Agency, the
National Aeronautics and Space Administration, and the Naval Facilities Engineering
Command. The model is identified as the numerical tool of choice to estimate the service-
life of newly-built concrete structures.

In order to test concrete mixture within the UFGS methodology, specific lab modules were
developed by SIMCO. The lab modules allow the characterization of the mixtures’ transport
properties, which are used as input parameters in the model to estimate the service-life of a
structure. These tests were part of the present study.

The UFGS emphasize the recent focus on concrete durability and the prediction of
structures’ service-life. In this context, repair materials and admixtures such as
damproofing agents that have the potential to extend concrete’s service-life can potentially
be integrated in such performance-based approach. However, there is little information
available on the impact these products have on service-life and how they can be integrated
in a modeling framework.

2.2 Objective

The objective of the project was to investigate the effect of a damproofing agent on the
transport properties of concrete material and to incorporate the findings in a moisture
transport model coupled with STADIUM®.

The damproofing admixture selected for the project was the Hycrete® X1002, from Hycrete,
Inc. The study was divided in three main tasks:

SIMCO Technologies Inc. 2013 Page | 5
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=  Collect experimental information on the behavior of concrete prepared with the
damproofing agent. The experimental program was designed to allow identifying
which and how transport parameters are impacted by the admixture.

= Based on the collected data, develop a moisture transport model that could predict
the effect of the admixture on moisture movement in cementitious materials.

= Finally, implement the new moisture model in STADIUM®, to assess the impact of
Hycrete® on chloride ingress in structural concrete elements. In this section, long
term simulation results are presented.

2.3 Approach

In order to collect data meaningful for model development, an experimental program was
first devised to identify the material parameters that most react to the presence of
Hycrete®. The tests were performed on three different concrete mixtures, and each mix was
prepared with 0 (reference case), 1 and 2 gal/yd3 of admixture. The testing program
included the following tests:

= Compressive strength (ASTM C39),

= Porosity (Volume of permeable voids, ASTM C642),

= Migration test,

=  Pore solution extraction,

= Drying/Absorption test at 50% and 75% RH,

=  Moisture Isotherm at 23°C,

= Chloride ponding, for constant and cyclic exposure conditions.

After identifying which parameters are affected by Hycrete®, they were properly integrated
and represented in a moisture transport model. The model is based on the relative humidity
state variable and considers the contribution of vapor and liquid water to overall moisture
transport.

The moisture transport model was then integrated into STADIUM® so that the effect of
Hycrete® on contaminant ingress such as chloride could be taken into account by coupling
moisture and ionic transport.

This document is the final report of the study and summarizes all the experimental results
and modeling developments.

SIMCO Technologies Inc. 2013 Page | 6
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Part 1 - Experimental Results
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3 Materials and mixture design

The cementitious materials used in the experimental program were a CSA Type GU Portland
cement and a Class F fly ash (FA). The chemical compositions and physical properties of the
materials are shown in Table 1. All concrete mixtures were prepared with 0.8-5 mm fine
aggregates and 5-20 mm coarse aggregates (crushed granite). A damproofing agent -
Hycrete® X1002 - was incorporated in selected concrete mixtures. An air entraining
admixture (Micro Air®) was used for some mixtures to adjust the air content to the target
value (5-8%). Superplasticizer (Glenium® 3030NS) was also used in mixtures with w/b
ratios lower than 0.5 in order to obtain the desired workability (125-200 mm slump) of
fresh concrete.

Table 1 - Chemical compositions and physical properties of binders

GU Fly Ash

Mass Fraction (%) Cement Cl};ss P
CaO 62.8 2.70
SiO; 19.9 52.7
Al203 4.70 26.4
Fe;03 2.80 11.0
SO3 2.12 0.65
MgO 2.58 0.94
K20 0.89 2.23
Naz0 0.28 0.68
TiO: 0.19 1.36
P20s 0.23 0.45
Loss on ignition 2.88 2.57
Density (g/cm3) 3.14 2.50

Three reference concrete mixtures were designed in order to cover a wide range of
transport properties and microstructures (Table 2).

Two different dosages of damproofing agent - Hycrete® X1002: 1 gal/yd3 (5 L/m3) and 2
gal/yd3 (10 L/m3) were incorporated in each of the reference mixtures. A total of nine
batches were thus prepared including the reference ones. Table 3 summarizes the
characteristics of all the nine concrete mixtures produced in the laboratory by SIMCO.

SIMCO Technologies Inc. 2013 Page | 8
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Table 2 - Reference concrete mixture proportions (mass ratio)

Reference Coarse Fine Portland Fly Ash Water/binder
Mixes Aggregate Aggregate Cement (Class F) ratio
No.1 3 2 0 0.40
No.4 3 2 0 0.55
No.7 3 2 0.2 0.45

Table 3 - Proportions of the concrete mixtures and fresh concrete properties

Mixture proportions (kg/m?3)

Component
Mix1 Mix2 Mix3 Mix4 Mix5 Mix6 Mix7 Mix8 Mix9
Water/Binder 040 040 040 055 055 055 045 045 045
Cement Type GU 370 370 370 350 350 350 350 350 350
Fly ash Class F 0 0 0 0 0 0 85 85 85
Water” 148 144 140 193 189 185 153 149 145
Fine Aggregate 780 780 780 740 740 740 750 750 750
(0.8-5mm)
Coarse Aggregate 1040 1040 1040 975 975 975 990 990 990
(5-20mm)
Hycrete (ml/m?) 0 5000 10000 0 5000 10000 0 5000 10000
Superplasticizer 2500 2500 2500 0 0 0 1500 1300 1300
(ml/m3)
Fresh concrete properties
Temperature (°C) 22 21 21 21 22 22 22 22 22
Air entrainer
25 25 25 175 175 175 50 50 50
(ml/m3)
Air content (%) 8.0 5.6 5.4 6.6 6.5 7.0 6.4 7.5 5.4
Slump (mm) 170 150 130 140 135 140 190 165 150
Unit ight
wwes 2328 2340 2325 2273 2272 2271 2286 2285 2284
(kg/m3)

* The amount of mixing water was adjusted according to the water content of Hycrete® (80%).

SIMCO Technologies Inc. 2013
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4 Laboratory concrete production and curing

The concrete mixtures were prepared by SIMCO in its concrete laboratory (Figure 1). Using
an 80-liter pan mixer (Figure 1), the constituents of the mixtures were mixed following the
same sequence. The Hycrete® admixture was pre-measured and added into the mixing
water. The dry constituents were first mixed for approximately 1 minute for
homogenization. Then, the air-entraining admixture was added, followed by the bulk of the
mixing water. Finally, the superplasticizer diluted in the remainder of the mixing water was
poured in, and the mixing process lasted for 4 more minutes.

Figure 1 - SIMCO Technologies concrete laboratory

Following the mixing sequence, the fresh properties of fresh concrete (temperature, slump,
air content and unit weight) were measured, and the results are shown in Table 3.

For each mixture, a full batch (80 liters) of concrete was prepared. Approximately 40 4-in
cylindrical specimens (@100 mm x 200 mm) were cast. After casting, the samples were
placed under wet burlaps in the laboratory. Demolding was performed after 24 hours. All
concrete specimens were then immersed in saturated limewater for curing until testing
(Figure 2).

SIMCO Technologies Inc. 2013 Page | 10
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Figure 2 - Limewater curing tank

SIMCO Technologies Inc. 2013 Page | 11



SIMCO

Technologies inc.

5 Experimental procedures

In order to evaluate the transport properties and hydric behavior of the hardened mixtures
with and without Hycrete® admixture, various laboratory tests were performed at different
curing ages as summarized in Table 4. The procedure of each laboratory tests is described
in this section.

Table 4 - Experimental program

Curing duration (days)

Test
28 91 365

Compressive strength (ASTM C39) x x X
Porosity (ASTM C642)* x x x
Migration test x X X
Pore solution extraction x

Drying/Absorption test at 50% RH x x
Drying/Absorption test at 75% RH x x

Moisture Isotherm at 23°C x

Chloride ponding (ASTM C1543) x

Chloride ponding - Cyclic x

* - Reversed procedure is applied to the Hycrete® mixtures

5.1 Compressive strength

After moist curing in limewater for 28, 91 and 365 days, compressive strength tests were
performed on the 4-in. diameter x 8-in. cylinders in accordance with ASTM C39 - Standard
Test Method for Compressive Strength of Cylindrical Concrete Specimens.

5.2 Porosity measurement (volume of permeable voids)

The total pore volume of the mixtures was measured on the basis of the ASTM C642
procedure - Standard Test Method for Density, Absorption, and Voids in Hardened Concrete.
The procedure was directly applied to the reference mixtures M1, M4 and M7.

In a previous research work, it had been shown that damproofing admixtures significantly
affects the moisture absorption characteristics of concrete. Hycrete® containing concrete in
contact with water exhibits weak absorption ability that makes it much more difficult for
water to be re-absorbed after drying, compared to a mixture prepared without the agent.

SIMCO Technologies Inc. 2013 Page | 12
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Consequently, the standard test procedure, which requires to oven dry the samples before
re-saturation in water, may result in C642 results that give the wrong impression that the
admixture has a very low porosity. Therefore, for the Hycrete® containing concrete
mixtures (i.e. mixes 2, 3, 5, 6, 8, 9), the reversed procedure was applied. It started with
initial saturation and ended with oven drying. Similar to the original procedure, the total
pore volume was estimated from the mass difference between the saturated and dried
states.

5.3 Pore solution extraction

The extraction procedure consists in applying sufficient pressure on a concrete sample to
extract the pore solution from the material. The solution is then analyzed to measure the
concentration of the main species: OH-, Na*, K+, and Cl-. The composition of the solution can
provide information on the mixture chemistry and highlight differences between mixtures.
It is also used in this study as an input parameter to migration test analyses and chloride
ingress simulations.

For each mixture, one disk, approximately 30 mm thick, was cut from a cylinder cured in
limewater. The disc was broken into pieces with a hammer and most of the coarse
aggregates were removed before placing the remaining pieces in an extraction cell, as
illustrated in Figure 3. A steel cylinder was inserted on top of the cell and the whole setup
was placed in a testing machine. Compressive load was then applied.

About 2 ml of solution was extracted from each sample when the applied compressive
loading reached about 500,000 lbs. The solution was collected from a drain at the bottom of
the setup and flowed into a syringe connected to the collecting hole. lon concentrations of
the pore solution were analyzed shortly after the extraction by different techniques
including potentiometric titration (for OH- and Cl- ions), and ICP-OES (for Na* and K* ions).
Since a very small volume was extracted, the solution had to be diluted to allow carrying out
all the chemical analyses.

5.4 Migration Tests

The objective of the migration test is to determine the tortuosity and diffusion coefficients
of concrete. The test is a modified version of the ASTM C1202 procedure: Standard test
method for electrical indication of concrete’s ability to resist chloride ion penetration. The
method developed by SIMCO consists in accelerating the ions under an external potential
and measuring the electrical current passing through the test specimen over a 10 to 15-day
period. The setup is illustrated in Figure 4.

SIMCO Technologies Inc. 2013 Page | 13
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. 1 - Base
Pore solution collector
2 - Pore solution collector
3 - Cell (sample chamber: 57 *x76mm)
G’/ 5 4 - Cylinder (piston: @56 7x76mm)
5 - Steel pad (thickness: 20 mm)

6 - Teflon pad

Pore solution canal

Collecting hole

Pore solution outlet

Figure 3- Experimental setup for pore solution extraction

Just before testing, 50-mm specimens were cut from the middle part of 4-in. concrete
cylinders. The normal procedure for migration test requires the specimens to be vacuum
saturated with 0.3M NaOH solution prior to testing. However, because saturating concrete
prepared with damproofing agent is very slow, no vacuum saturation was applied for this
project. Tests performed by SIMCO in previous projects have shown that if the material has
been cured in moist conditions (e.g. in limewater) prior to testing, such vacuum saturation
step is not needed. The specimens used for migration test in this program were cut directly
from the concrete cylinders cured in limewater.

Each test series was performed on two samples. The specimens were mounted between two
cells filled with 2.7 L. of 0.3M NaOH solution. The upstream cell solution also contained 0.5M
NaCl salt. A constant DC potential of 20 Volts was applied on each pair of cells by a DC
power supply.

During testing, the electrical current passing through each specimen and the voltage across
the specimen were measured on a regular basis. Solution in the downstream cell was also
sampled to monitor chloride ion moving across the specimen. However, this data was not
used in the ionic diffusivity analysis. It may have indicated abnormal behavior such as
cracked concrete, in which case tests would have been restarted. This was never the case in
this study.

SIMCO Technologies Inc. 2013 Page | 14
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After testing, the measured currents were analyzed with the STADIUM®-IDC laboratory
module to evaluate the diffusion coefficients of the ionic species in the migration system.
STADIUM®-IDC iteratively tries to find the set of diffusion coefficients that allow
reproducing the measured current curves. The analysis uses the porosity, pore solution
chemistry and mixture composition parameters as input data. Details on the experimental
procedure and analysis are provided in Appendix A (Samson 2008). Migration tests were
scheduled at three curing ages: 28, 91 and 365 days as shown in Table 4.

Electrode Specimen with Bolts Ruthenium oxide
epoxy coating coated titanium

electrode

j L Downstream cell

Upstream cell

Figure 4 - Migration test setup

5.5 Drying/Absorption Tests

The drying/absorption test consists in exposing concrete samples to constant relative
humidity (RH) and temperature conditions and to measure the mass variation over an
extended period of time. This provides information on the drying and absorption rate
behavior of mixtures. When analyzed in combination with a moisture transport model, the
mass variation data can be used to estimate the moisture diffusivity (Samson 2008b).

SIMCO Technologies developed a drying test procedure that is specified in the Unified
Facilities Guide Specifications (UFGS) of the US Navy and USACE for the construction of new
concrete structures. The procedure is given in Appendix B and is used to determine the
permeability of mixtures. The drying/absorption tests performed in this study were based
on this procedure, the main difference being that an absorption stage was added after
drying, to highlight the impact of Hycrete® on moisture transport.

In the present study, drying tests were carried out on 50 mm disks cut from cylinders. Tests
were started after 28 days and 91 days of curing. Each test series used three disk replicates.
After cutting, the round surface of each 50 mm specimen was sealed with epoxy in order to

SIMCO Technologies Inc. 2013 Page | 15



G

SIMCO

Technologies inc.

have one dimensional mass transport. After the sealer was applied, the samples were placed
back in limewater for one week prior to testing, to ensure that they were initially saturated.

After this, the samples were placed in a drying chamber, as illustrated on Figure 5. The mass
of the samples was monitored on a regular basis during testing. The drying tests were
performed in two environmental chambers, where constant relative humidities (50% &
75%) and constant temperature (23°C) were maintained. The tests lasted for a minimum of
50 days. Drying on 10-mm samples for moisture isotherm tests (see next section) were
performed at the same time in the chambers. The drying portion of the tests was terminated
after the mass of the 10-mm series samples reached equilibrium.

Figure 5 - Constant relative humidity chamber (50% RH)

At the end of drying process, the specimens were immersed in water and their mass was
monitored regularly over 20+ days. This provided information of the influence of Hycrete®
dosage on the absorption rate.

It should be noted that due to laboratory constraints, the absorption part of tests on mixes
containing lower Hycrete dosage (i.e. Mixes 2, 5, 8) at 91 days were not all performed. (see
Figures 14, 16-18)
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5.6 Moisture Isotherm Tests

The objective of the moisture isotherm test is to determine the equilibrium water content
(saturation) vs. relative humidity relationship at room temperature (23°C). The test
provides the moisture storage capacity of a mixture as a function of RH. This is achieved by
placing thin samples in different constant relative humidity environments and waiting until
their mass is stable. Knowing the initial mass, final mass, pore volume and volume of
samples allow calculating the water content at equilibrium for a given RH.

The isotherm tests were separated in two different series. In the first series, thin 10-mm
samples were cut from cylinders cured 28 days and 91 days in limewater and placed in the
same drying chambers used for drying tests (Figure 5).

In the second series, climate boxes were used to maintain a constant relative humidity
environment. The boxes, illustrated on Figure 6, contained different saturated salt solutions
to achieve preset RH. Boxes were maintained at 33%, 85% and 92% RH, using salts
recommended by ASTM E104 - Standard Practice for Maintaining Constant Relative
Humidity by Means of Aqueous Solutions: MgCl,.6H30 for 33% RH, KCI for 85% RH and KNO3
for 92% RH. Electronic hygrometers were placed in the boxes to verify the stability of the
environment. When the boxes were ready, 10-mm samples cut from cylinders cured 28
days in limewater were placed inside.

In all cases, three samples replicate were used for each testing conditions!. The mass of each
specimen was monitored by periodically weighing it until constant mass was observed.
Then, the saturation level (water content divided by porosity) at each tested RH was
determined according to the initial water content (porosity), the volume of the specimen
and the cumulative mass loss during testing:

AM

S=1-
pwVo

where S is the saturation level [ - ]2 at a given RH, AM is the mass loss measured for this RH
[g], V is the sample volume [cm3], ¢ is the porosity [cm3/cm3] and p,, is the water density,
taken as a constant value of [1.0 g/cm3]. The volume of each individual thin disk was
measured prior to testing by weighting in water and in air.

1 For the tests performed in the 50% and 75% RH chambers, a total of six samples were dried since
two series were carried out: 28 and 91 days of curing.
2 [ -] indicates dimensionless units.
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Figure 6 - Typical climate boxes for moisture isotherm determination

For the three reference mixtures (M1, M4, M7) and the three high-dosage Hycrete®
mixtures (2 gal/yd3) (M3, M6, M9), additional equilibrium sequences were tested. For each
of these mixtures, two additional series of 10 mm-thick specimens were first dried at two
different RH (Condition A): 50% and 75% RH. When equilibrium was reached, they were
transferred to different humidity environments (Condition B):

e Drying tests at 50% RH:

o One series was transferred to a 33% RH climate box,

o The other series was transferred to the 75 % RH chamber,
e Drying tests at 75% RH:

o One series transferred to a 85% RH climate box,

o The other series was transferred to the 50 % RH chamber.

The masses of these specimens were monitored until new equilibrium was established at
the new relative humidity. This test series was performed to further investigate the
influence of Hycrete® on moisture transport behavior when environment condition (RH)
changes. However, the results did not prove conclusive and were not used in the analysis.

5.7 Chloride ponding test

Chloride ponding tests were started on concrete samples after 28 days of curing in
limewater following a modified version of ASTM C1543 standard procedure - Determining
the Penetration of Chloride Ion into Concrete by Ponding.
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The test specimens consisted in concrete cylinders cut in half (Figure 7). Both halves were
tested. Prior to exposure, the specimens were sealed on all faces except the cut face, which
was exposed to the contact solution.

A 3% sodium chloride (NaCl) aqueous solution was used as the ponding solution. Two
exposure durations were scheduled: 3 months and 6 months. In order to maintain constant
exposure conditions, the ponding solution was renewed on a regular basis.

After each of the scheduled ponding periods, powder samples were extracted by dry milling
over small depth increments from the exposed surface of each specimen down to
approximately 40 mm in order to obtain chloride penetration profiles. The dry milling and
chloride analysis procedures were carried out in accordance with the ASTM
C1152/C1152M standard - Test Method for Acid-Soluble Chloride in Mortar and Concrete.
The chloride concentration was determined by potentiometric titration method using an
automatic titrator (T50 model by Mettler-Toledo inc.) with a silver ring IS electrode (DMi-
141-SC).

The test program also included a cyclic chloride ponding test. The test procedure was
similar to the ponding test mentioned above except that the specimens were exposed to
wetting/drying cycles. The same contact solution (i.e. 3% sodium chloride) was used. The
exposure cycle consisted in 4 days in the sodium chloride solution followed by 3 days
drying in laboratory condition (Note: in the laboratory where cyclic ponding test was
performed, constant temperature of 23+2°C was maintained, but the relative humidity
varied between 30% and 70% during the year). Similar to the first series, sampling and
chloride profile analyses were performed after 3 months and 6 months of exposure.

Concrete cylinder

Uncoated
- exposure surface
Cutinto 2 halves

[

Epoxy coating

Figure 7 - Preparation of specimens for ponding test
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6 Testresults

This section presents the test results obtained during the project for the nine concrete
mixtures with and without Hycrete® admixture (mixes M1 to M9, Table 3).

6.1 Compressive strength

The results of compressive strength testing are presented in Table 5. Each result is the
average of three separate measurements.

Table 5 - Compressive strength testing result

Curing age Compressive strength (MPa)
(days) MI M2 M3 M4 M5 M6 M7 M8 M9
28 47.5 45.4 45.8 30.7 30.6 30.5 36.6 35.0 32.6
91 47.8 51.3 49.4 31.9 339 33.4 39.9 42.5 41.9
365 54.7 56.9 55.8 35.7 379 36.7 51.9 49.2 48.0

The results for the reference mixtures (without Hycrete® M1, M4 and M7) exhibited a
normal tendency to improve with curing. As expected, the improvement is more significant
for the fly ash mix (0.45 w/b, M7), which started at approximately the same level as the 0.55
w/c OPC mix (M4) but almost got to the same level as the 0.40 w/c OPC concrete (M1) after
one year of curing.

To better assess the influence of the Hycrete® admixture, the results are expressed as a ratio
to the corresponding reference mixture result in Table 6. Overall, no significant influence on
compressive strength can be reported. The only result that stands out is for the fly ash
mixture prepared with 2 gal/yd3 of Hycrete® (M9) at 28 days, which is 11% lower than the
reference mix. However, the compressive strength measurements on more mature samples
did not show any correlation between compressive strength and the presence of Hycrete®.

Table 6 - Compressive strength as a function of the reference mix results

Curing age fc/feref
(days) M1 M2 M3 M4 M5 M6 M7 M8 M9
28 1.00 0.96 0.96 1.00 1.00 0.99 1.00 0.96 0.89
91 100 1.07 103 100 106 105 100 107  1.05
365 1.00 1.04 102 100 106 103 100 096  0.92
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6.2 Porosity measurement (volume of permeable voids)

The results of total pore volume measurement are presented in Table 7. Each value in the
table is the average of two individual measurements. As mentioned in the previous section,
reversed procedure was applied to the Hycrete® containing mixtures (i.e. M2, M3, M5, M6,
M8, M9) during porosity measurements. The detailed data from the tests are presented in
Table 18, Table 19 and Table 20 (Appendix C).

Table 7 - Porosity measurement results

Curing age Porosity (%)
(days) M1 M2 M3 M4 M5 M6 M7 M8 M9
28 11.9 11.9 12.3 14.3 14.7 14.7 13.6 14.0 13.8
91 11.9 11.9 11.8 13.3 14.4 14.5 13.1 13.9 13.7
365 12.3 12.6 11.3 14.3 14.9 15.1 13.1 14.7 14.3

The results indicated that adding Hycrete® to a mixture does not significantly affect the total
pore volume. The only data that stands out was obtained on the 0.55 w/c OPC mix (M4)
after 91 days of curing. A statistical analysis of this value compared to the results from the
same mix series (M4, M5 and M6) show that it can be considered as an outlier, based on a
95% confidence interval. Consequently, it was not considered in the migration, moisture
isotherm and drying test analyses. The previous tests used the average values presented in
Table 8 when needed.

Table 8 - Average porosity values

. . Average porosity cov~

Mix series (%) (%)
0.40 w/c OPC (M1, M2, M3) 12.0 3.2
0.55 w/c OPC (M4, M5, M6) 14.6 2.1
0.45w/b + 20% FA (M7, M8, M9) 13.8 3.8

*: Coefficient of Variation (c/p)

6.3 Pore solution extraction

Pore solution extraction was performed on each concrete mixture after 28 days of curing in
limewater. The results for the pore solution extractions, expressed as ionic concentrations,
are shown in Table 9.
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Table 9 - Pore solution analysis results

Ionic  Result Concentration (mmol/L)
species  series M1 M2 M3 M4 M5 M6 M7 M8 M9
OH- © 301.2 3498 310.1 2834 2439 2446 236.0 241.6 290.6
o ©
Na+ g = 91.3 1218 126.1 87.0 91.3 95.7 82.6 87.0 117.4
K+ E if; 204.6 2328 2072 1842 1688 1611 1509 1432 179.0
Cl- 4.9 4.9 3.2 5.1 4.6 5.0 4.9 4.6 6.2
OH- 296.1 3498 319.7 274.6 2495 248.1 2323 2335 2904
Na+ Eo § 92.8 121.8 122.2 89.7 89.2 94.3 83.9 89.9 117.5
K+ és _f:t; 208.1 2328 2008 1899 165.0 1588 1533 148.0 179.1
Cl- 4.8 4.9 3.3 4.9 4.7 5.1 4.8 4.4 6.2

Due to experimental errors, the measured concentrations usually are not electrically
balanced (positive charges #negative charges). To have a neutral solution, the charges were
balanced by applying a correction factor proportional to the fraction of the total charge
carried by each species. The corrected values are presented in the bottom part of Table 9.

Similar to the porosity measurements, it was not possible to establish a correlation between
pore solution composition and Hycrete® dosage.

6.4 Migration Test

Migration tests were scheduled after 28, 91 and 365 days of hydration for each mixture. In
all cases, current was measured to be used as the main input parameter of the diffusion
coefficient analysis (see Appendix A). The following figures illustrate measured current
values for selected migrations tests.

In most cases, the measured currents indicated that there is a very limited, if any, influence
of Hycrete® on diffusion. This is illustrated on Figure 8, which shows the current values
measured after 28 days and one year of curing on fly ash mixes. The drop in current
between the two series is the direct consequence of hydration on diffusivity. This is
enhanced by fly ash, which is known to have a significant long-term impact on diffusion.
However, for a given curing period, no discernible trend between the reference and
Hycrete® mixes can be observed.

The same conclusion applies to the current measurements from the 0.55 w/c OPC mix
series (M4, M5 and M6).
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Figure 8 - Current measurements for the 0.45 w/b fly ash mix

However, contrary to the other mixtures, the 0.4 w/c OPC material (M1, M2 and M3) clearly
showed that Hycrete® can have a positive effect on diffusion. As illustrated on Figure 9, the
currents measured for this mix indicate the positive effect Hycrete® can have on diffusion,
as the values decreased with increasing admixture dosage. Although this was observed for
only one mixture out of three, there is no denying that Hycrete® played a positive role for
diffusion in this case.

Current measurements were analyzed with the STADIUM®-IDC lab module in order to
determine the diffusion coefficients. Table 10 summarizes the results of numerical analysis
for ionic diffusivity based on the migration test results. Each value is the average of two
individual results!. Details on the analysis methodology are provided in Appendix A. The
diffusion coefficient obtained from the IDC module corresponds to the product of the
intrinsic tortuosity z times the self-diffusion coefficient D{ of species i:

Di = TSDL-O

where the diffusion coefficients are expressed in [m2/s] and the tortuosity is a factor that
bears no units.

1 A statistical analysis similar to the one presented in section 6.2 for porosity is not possible for diffusion
coefficients since the values are influenced by numerous factors (e.g. age, presence of fly ash) and change with
time.
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It is important to note that contrary to the apparent diffusion coefficient commonly
measured from chloride profiles fitted with Fick’s second law, this diffusion coefficient does
not incorporate the hidden effect of chemical reactions or boundary conditions (Marchand
2009). Also, only diffusion coefficients of the hydroxide are presented in the table, as the
values for the other species can readily be calculated once the tortuosity and self-diffusion
coefficient of a species are known (e.g. reference Li 1974 for self-diffusion coefficients). Full
analysis reports from the STADIUM®-IDC module are provided in Appendix D.

40 -

35
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w/0o HYCRETE
25

1 1 gal/yd3

20 +

Current (mA)

15 +

10 ~

O T T T T T T 1
0 50 100 150 200 250 300 350
Time (hours)

Figure 9 - Current measurements for the 0.40 w/c OPC mix after one year of curing

The reference mixture results are in line with results obtained by SIMCO on similar
mixtures in the past. The diffusion values for the 0.55 w/c OPC mix (M4) are higher than
those measured on the 0.40 w/c OPC (M1) mix as a consequence of the higher water to
cement ratio. For the fly ash mix (M7), the diffusion coefficients are close to the mix M1
values at 28 days but significantly improve over time due to the slow hydration of fly ash.
No significant time evolution of diffusion coefficients was observed on M1 and M4 results.

Table 10 - Diffusion coefficient of hydroxide

Curing age D_ox (E-11 m?/s)
(days) M1 M2 M3 M4 M5 M6 M7 M8 M9
28 12.06 1222 944 1756 18.05 1500 1040 941  10.37
91 1123 837 939 2061 1530 1857 544 592 428
365 1227 963 862 1657 1737 1562 164 221 177

SIMCO Technologies Inc. 2013 Page | 24



SIMCO

Technologies inc.

To better highlight the impact of Hycrete® on diffusion coefficients, the results are
expressed in Table 11 as the ratio of the diffusion coefficient over the corresponding
reference mix result. The results emphasize what was already observed on the measured
currents. For the 0.55 w/c OPC and 0.45 w/b fly ash mixtures, there is no significant
correlation between diffusion coefficients and Hycrete®. For those mixtures, it can be
concluded that Hycrete® has no effect on diffusion properties.

Table 11 - Diffusion coefficient as a function of the reference mix results

Curing age D/Dret
(days) M1 M2 M3 M4 M5 M6 M7 M8 M9
28 1.00 1.01 0.81 1.00 1.11 091 1.00 0.91 1.01
91 1.00 0.75 0.83 1.00 0.76 0.96 1.00 1.15 0.78
365 1.00 0.80 0.65 1.00 1.13 1.00 1.00 1.05 1.08

In the case of the 0.40 w/c OPC mix (M1, M2 and M3) the diffusion coefficients reflect what
the current values indicated, i.e. an improvement of diffusion coefficients as the amount of
Hycrete® incorporated in the mixture increases. As will be shown later from the ponding
tests results, this effect was also observed on chloride profiles.

6.5 Drying/Absorption Tests

The drying/absorption test was designed to highlight the impact of Hycrete® on moisture
transport, and the test results did not disappoint. Indeed, this is the test series that most
emphasized the beneficial impact that this admixture can have on long-term durability.

The next three figures show the mass variation as a function of time measured on tests
started after 28 days of curing and dried at 50% RH. The first portion of the curve
corresponds to drying, i.e. a positive mass loss. The sharp variation in the curve after 60+
days of drying indicates the start of water absorption!.

The most important results concern the effect Hycrete® has when absorption occurs after
materials were dried for some time. The drying phase of the test did not reveal much on the
effect of Hycrete®, as the drying rate is roughly the same whether the admixture is present
or not in the material. However, in all cases, mixtures with Hycrete® exhibited a much
slower water absorption rate than the corresponding reference mixture.

Also interesting is the fact that for the 0.4 w/c OPC mix (Figure 10) and 0.45 w/b fly ash
mixture (Figure 12), the absorption rate is the same whether 1 gal/yd3 or 2 gal/yd3 are

1 Some mass variation curves show negative data after some time in absorption. This indicates that samples
were not fully saturated initially and had a higher mass than at the start of the test. This was considered in the
analysis presented in section 7.3.
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admixed. For the 0.55 w/c OPC mix (Figure 11), a difference in absorption rate is observed
between the two dosages, the 2 gal/yd3 mix being initially slower to absorb water back in
the material. After some time, the absorption rates reach the same value. As indicated in
section 5.5 of the report, the absorption tests on the 0.55 w/c OPC mix cured 91 days could
not be performed. For the other mixes, the tests started after 91 days of curing replicated
this observation, but it was not possible to validate it on the 0.55 mix.
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Figure 10 - Drying/absorption of the 0.4 w/c OPC mix cured 28 days and dried at 50% RH
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Figure 11 - Drying/absorption of the 0.55 w/c OPC mix cured 28 days and dried at 50% RH
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Figure 12 - Drying/absorption of the 0.45 w/b FA mix cured 28 days and dried at 50% RH

The results from samples cured 91 days are shown on the next figures. The results again
highlight the effect of Hycrete® on absorption rate, and similar to the 28 days results, the
absorption rate for both good quality mixtures (0.40 w/c OPC and 0.45 w/b fly ash) is
nearly identical.

What is new however is the drying rate for the 2 gal/yd3 dosage. Similar to what can be
observed from the 28 days results, the drying rate for reference and 1 gal/yd3 mixtures is
close to being the same and shows no discernible difference. But in all tests, the samples
cured 91 days show a lower drying rate for experiments carried out on 2 gal/yd3 samples,
as illustrated on Figure 13 to Figure 15. The difference is not important for the average
quality mix (0.55 w/c OPC), but for the other mixtures, there is clearly a drop in drying rate
when more admixture is present. Although more experimental data would be needed to
conclude that adding more Hycrete® to a mix can somewhat limit the drying rate, and
consequently the overall efficiency of the admixture, this is a feature worth investigating in
the future.
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Figure 13 - Drying/absorption of the 0.4 w/c OPC mix cured 91 days and dried at 50% RH
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Figure 14 - Drying/absorption of the 0.55 w/c OPC mix cured 91 days and dried at 50% RH
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Figure 15 - Drying/absorption of the 0.45 w/b FA mix cured 91 days and dried at 50% RH

Another important influence Hycrete® has on moisture in concrete mixes was highlighted
when the drying results at 75% RH were compared to their 50% counterpart. Figure 16
shows side-by-side the drying/absorption results for the 0.4 w/c OPC mix cured 91 days.
The left subfigure shows the results for 1 gal/yd3 compared to the reference mixture. On the
right side, the same reference mixture results are plotted, but this time compared to the
2 gal/yd3 results. As expected, the data from the reference mix show different drying rates
depending on the chamber RH. Being exposed to a larger RH variation, the samples placed
in the 50% RH chamber dried more rapidly than samples in the 75% RH environment.
However, what is surprising is that this logical outcome is not observed in the Hycrete®
mixture drying data. Whatever the dosage, mixtures prepared with Hycrete® showed
similar drying rates for the 50% and 75% RH series.
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a) 1gal/yd3 b) 2gal/yd3
Figure 16 - Drying/absorption at 50% and 75% RH for the 0.4 w/c OPC mix cured 91 days
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This unusual behavior is not unique to this mixture but was also observed in the drying data
from the 0.55 w/c OPC and 0.45 w/b FA mixtures, as illustrated in Figure 17 and Figure 18.
This turned out to be one of the most challenging aspects of the model development
presented later in this report, as models based on linear gradients constitutive laws
(Fourier law’s in heat conduction, Fick’s law in diffusion, Darcy’s law for pressure-driven

moisture flow, etc.) have a natural tendency to exhibit different flow rates when external
conditions are different.
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Figure 17 - Drying/absorption at 50% and 75% RH for the 0.55 w/c OPC mix cured 91 days
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Figure 18 - Drying/absorption at 50% and 75% RH for the 0.45 w/b FA mix cured 91 days

The results presented in this section clearly emphasized the major impact Hycrete® has on
concrete mixtures, which is to slow down water absorption when a dried material is

exposed to a high RH environment. These results served as the basis of the model
development to be presented later.

Additional results are provided in Appendix F.
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6.6 Moisture Isotherm Tests

[sotherm tests were started for each mixture after 28 days of curing in limewater. When
equilibrium was reached for each RH environment, the saturation level in the samples was
calculated based on the cumulative mass loss, porosity and volume of the specimen, as
discussed in section 5.6. The calculations were based on the average porosity as presented
in Table 8.

Table 12 shows the saturation at each RH for all the mixtures. Each data is the average of 3
individual measurements, except for 50% and 75% RH. In those cases, six values were
available because of tests started after 28 days and 91 days of curing. Individual
measurements are listed in Appendix G. The 100% RH line in the table corresponds to the
saturated state, for which water fills the whole pore volume. In this case, the water content
corresponds to the porosity and the saturation is equal to 1. The isotherm results are
plotted in Figure 19, Figure 20 and Figure 21.

Table 12 - Saturation level for different RH environments

RH Saturation (ratio)

(%) M1 M2 M3 M4 M5 M6 M7 M8 M9
33 0.248 0.274 0.329 0.163 0.220 0.194 0.244 0.237 0.256
50 0.441 0.478 0.515 0.337 0.391 0.383 0.409 0.440 0.442
75 0.557 0.573 0.572 0.427 0.449 0.409 0.546 0.463 0.455
85 0.671 0.718 0.789 0.585 0.558 0.612 0.637 0.783 0.778
92 0.859 0.896 0.914 0.798 0.784 0.734 0.839 0.862 0.891
100 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

Before the project started, the moisture isotherms were viewed as one potential parameter
where Hycrete® would show a significant effect. The actual results show that the impact of
batching concrete with this admixture is not meaningful, results for Hycrete® mixtures
being close to reference values.

A closer analysis reveals that Hycrete® does have a limited impact on the moisture storage
capacity of mixtures. An analysis of moisture isotherm tests carried out over the years by
SIMCO on different mixtures, including the reference mixes of the present project, show that
there is a correlation between the saturation at 50% RH and the saturation at 75% RH. This
is illustrated by the blue curve on Figure 22. As shown on this graph, the reference mixtures
are in line with other results from SIMCO. Similar data points from mixtures with Hycrete®
were also plotted on the same graph. This clearly illustrates that in this case, the
relationship between both saturations is not the same. The results for Hycrete® mixes show
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that the saturation at 75% is almost the same that the one at 50% RH, which tends to flatten
the shape of isotherms in this humidity range. However, the modeling work showed that
this has a meaningless impact on moisture transport rate and does not explain the effect
Hycrete® has on absorption rate.
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Figure 19 - Moisture isotherm - 0.40 w/c OPC mixture

1.0 1

2 e o e o
B 9] (o2} ~ o]
1 1 1 1 1

Saturation level(-)

e
w
1

e
N
1

——-REFERENCE
1galfyd3

—A—2 gal/yd3
0.0 T T T T

0.1 4

0.0 0.2 0.4 0.6 0.8 1.0
Relative Humidity (%)

Figure 20 - Moisture isotherm - 0.55 w/c OPC mixture
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Figure 21 - Moisture isotherm - 0.45 w/b FA mixture
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Figure 22 - Analysis of isotherm results
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6.7 Chloride ponding

The complete chloride profiles are provided in Appendix F. In this section, selected profiles
are presented to highlight the effect of Hycrete® on chloride ingress.

The first chloride profiles presented in the next three figures are from the ponding tests
carried out after 6 months in completely submerged (i.e. no wetting/drying cycles)
conditions. The profiles confirm the migration and drying test results: when the materials
are saturated, Hycrete® has no effect on chloride ingress. However, it is worth mentioning
that the chloride profiles for the 0.4 w/c OPC mix confirm what the migration tests revealed.
For this particular mixture, the presence of Hycrete® lowered the diffusion coefficient of
species (see section 6.4). As shown on Figure 23, the chloride profiles also show that even
though the material was constantly immerged, the chloride ingress is slowed down
compared to the reference mix profiles. This is not observed on Figure 24 and Figure 25 for
the other two mixes.

Another aspect worth mentioning is that Hycrete® does not seem to have a significant
impact on chloride binding. On all three figures, the total amount of chloride near the
surface (x=0) is roughly the same, without any discernible correlation between dosage
values. This suggests that Hycrete® does not affect the hydration process significantly; the
same amount of C-S-H and AFm phases are formed in the paste, regardless of the presence
of the admixture.
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Figure 23 - Chloride profiles in 0.4 w/c mixes after 180 days of constant ponding
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Figure 24 - Chloride profiles in 0.55 w/c mixes after 180 days of constant ponding
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Figure 25 - Chloride profiles in 0.45 w/b mixes after 180 days of constant ponding
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The Hycrete® admixture really showed its effect in the drying/adsorption test series, and
not surprisingly, this translated into a positive impact for the test specimens exposed to
wetting/drying chloride exposure conditions, as shown in the next three figures. On each
figure, chloride profiles for the reference material exposed to cycling conditions are
compared to the chloride profiles from Hycrete® mixtures. And in each case, chloride
ingress rate is slower for the Hycrete® mixtures. Interestingly, the profiles for the 0.4 w/c
OPC mix (Figure 26) show a difference in ingress rate for the two admixture dosage, even
though the drying and absorption rates were identical (see section 6.5). This difference can
be attributed entirely to the difference in diffusion coefficients measured for the different
Hycrete® dosages, which was specific to this concrete mixture.

For the other two mixtures, the diffusion coefficients is not depending on the Hycrete® level
and the drying/absorption tests show very similar kinetics whether 1gal/yd3 or 2 gal/yd3
was used. Accordingly, the chloride profiles for the 0.55 w/c OPC mix (Figure 27) show that
profiles enters concrete less rapidly when the material is exposed to wetting/drying cycles
and Hycrete® is present. However, the ingress rates are the same for the two admixture
dosages.

Finally, for the case of the fly ash mixture, the ingress rate is so low that it was still not
possible to clearly see the effect of Hycrete® even after six months of cycling (Figure 28).
The figure hints at a smaller ingress rate with the admixture, but it is not significant.
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Figure 26 - Chloride profiles in 0.4 w/c OPC mixes after 180 days of cyclic ponding
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Figure 27 - Chloride profiles in 0.55 w/c OPC mixes after 180 days of cyclic ponding
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Figure 28 - Chloride profiles in 0.45 w/b FA mixes after 180 days of cyclic ponding
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Part 2 - Modeling
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7 Moisture Model Development

This section details the moisture transport model development. The first section is devoted
to a description of the general transport equations. They are the same equations used for
the moisture transport model implemented in STADIUM®. The effect of Hycrete® will be
highlighted in the next section, where the transport parameters are discussed. Finally, the
validation of the model on the basis of the drying/absorption test results is presented.

7.1 General modeling framework

The equation of moisture transport in unsaturated cementitious materials is developed by
considering the mass conservation equations for the liquid and vapor phases. Based on the
previous discussion, it is assumed that the relative humidity can be used as a state variable
and that there is a unique relationship with water content. It is also assumed that the dry air
contained in the gaseous phase does not exhibit significant pressure gradient. This phase is
thus considered immobile. Accordingly, the only transport mechanism of vapor transport
that is considered in the model is diffusion, without any contribution from an advection
term. This assumption is commonly used in many moisture transport models (Chijimatsu
2000, Obeid 2001, Bary 2008). As will be shown in the following paragraphs, this
hypothesis allow combining the conservation equation of liquid and vapor to yield a single
equation to handle the moisture transport process. Finally, it is assumed that the gravity has
a negligible effect on moisture transport, given the low permeability of cementitious
materials (Hall 2002).

7.1.1 Liquid phase transport
The mass conservation equation for the liquid phase, following the averaging process over a
representative elementary volume, can be written as (Whitaker 1988):

A(pw)

T div(pvp) + m =0 (1)

where p; [kg/m3] is the liquid phase density, w is the volumetric liquid phase content
[m3/m3], vi [m/s] is the average liquid phase flow and m [kg/m3/s] is the average rate of
evaporation of the liquid. The term p;can be approximated as the water density but a more
precise approach would consider the effect of ionic species in the pore solution on the
density. The constitutive law describing the average liquid phase flow is given by Darcy's
law (Bear 1988, Whitaker86):

v =~ grad(p,) 2)

where k; [m?] is the liquid permeability of the material, u [Pa.s] is the dynamic viscosity of
the liquid phase and p; [Pa] is the liquid pressure intrinsic average. In the previous
equation, the effect of gravity was neglected. Several reports emphasize the negligible role
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of gravity in cementitious materials (e.g. Hall 1994, Pel 1998). The authors in reference
(Kolhapure 1997) also consider a correction due to the liquid phase activity in equation (2),
which could be used to model the effect of ionic species in dissolved in the pore solution.
This term is neglected in the present model.

Knowing that the capillary pressure in an unsaturated porous material can be written as
(Bear 1988):

DPec =Dg — D1 (3)

where py[Pa] is the pressure of the gas phase, and assuming that the liquid pressure
dominates over a mostly constant gas pressure, one can write:

k
v = Zgrad(p,) Q

In the previous equations, the capillary and gas pressure correspond to intrinsic phase
averages (Whitaker 1988). To take into account the fact that the saturation level of the
material affects permeability, Constantz (1982) proposed to partition the permeability
according to:

k= kskr (5)

where k¢[m?] is the intrinsic permeability of the saturated material and k! [m2/m?] is the
relative permeability of the liquid phase. It is a dimensionless parameter that varies
between 0 for completely dry porous media and 1 for a fully saturated state.

The capillary pressure can be expressed as a function of vapor pressure or relative humidity
using Kelvin's relationship (Kaviany 1995):

pe = — 2 in (%) = ~ B in(H) (6)
where H is the relative humidity [Pa/Pa], p,[Pa] is the vapor pressure, p5 [Pa] is the
saturation vapor pressure, M,, [0.018 kg/mol] is the molar mass of water, R [8.3143
J/mol/°K] is the ideal gas constant and T [°K] is the temperature. This relationship is known
to be incorrect at very low relative humidity. Miyata et al. (2003) showed discrepancies
between this equation and experimental results for humidities lower than 30% in nitrogen
adsorption tests. In the context of this report, the objective is to develop a model that will be
applicable to simulate moisture transport in concrete structures exposed to realistic field
conditions, where relative humidity is most of the time above 35%. It will thus be assumed
that equation 6) is valid. Since p. = f(p,, T), one can write:

op, oD,
grad(p.) = 5 ¢ grad(p,) + 57* grad(T) (7)
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Replacing (5) and (7) with the derivatives of Kelvin's relationship in equation (4), under the
assumption that p; varies weakly with temperature (see data for water in CRC 1985), gives:

kskr PR
u My

v = (T grad(H) + [ln(H Ts (fszv] grad(T )> (8)
The liquid phase velocity expression (8) is then replaced in the mass conservation equation
(1), which gives:

d(pw) . (ksk[pERT ksk apy ;
2o iy (SELEER T graor) + K2 [inGh) - 2] grad () +0) =0 (9)

7.1.2 Vapor phase transport

In the case of the vapor phase, it is assumed that the air inside the unsaturated pores is not
moving. The main transport mechanism of vapor is diffusion and follows the generalized
Fick's law. The mass conservation equation of vapor averaged over a representative
elementary volume is given by (Whitaker 1988):

o gp") + div(jy) —m =0 (10)

where p,, [kg/m?3] is the vapor density intrinsic average, 6, [m3/m?3] is the volumetric gas
phase content and jy [kg/m2/s] is the average vapor flux. As mentioned previously, it is
assumed that the vapor flux follows Fick's law of diffusion. Based on the averaging

procedure of the gradient operator detailed in (Bear 1991), the average vapor flux can be
written as (Bear 1988):

jv = —QngDSgT‘ad(pv) (11)

where 7, [-] is the tortuosity of the gas phase and Dy [m?/s] is the vapor self-diffusion
coefficient. This expression is valid when the mass fraction of vapor over air is small, which
hold for temperature lower than 45°C (Whitaker 1988). The dimensionless tortuosity
parameter varies between 0 for totally impervious materials to 1 for free diffusion and
characterizes the geometry of the porous network. The value of DJ can be found in the
literature, along with its relationship with temperature. An expression is provided in the
next section.

Substituting equation (11) in (10) gives

(6, py ] )
% —div (QQTnggrad(pv)) —m=20 (12)

Using the ideal gas law, it is possible to relate the vapor density to the vapor pressure:

Pv T _ Py (13)
My Vg RT
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where n, [mol] is the number of vapor molecule in the gas phase volume V; [m3]. Combining
equations (13) with the definition of relative humidity H = p,,/p; gives:

My,
py = o PoH (14)

Based on equation (14), one can write p, = f(H,T). Accordingly, it is possible to express
the gradient in equation (12) as:

grad(p,) = grad(H) + grad(T) (15)

Substituting equation (14) in equation (15) yields:

grad(p,) = ——grad(H) - vl psgrad(T) (16)

which considers the effect of temperature on the saturation vapor pressure. Substituting
this expression back into the mass conservation equation (12) gives:

9(6gpy , My,p3 1 My, H
(agt ) _ div (HngDg Rl’ Fgrad(H) — ggfgpo = pvgrad(T)> =0 (17)

Similar to the permeability, the tortuosity is partitioned according to:

— 7 9
Tg = TsTy (18)
where 7, is the intrinsic tortuosity of the material and 7y represents the variation of
tortuosity for various levels of gas saturation. Incorporating relationship (18) in (17)
provides the final form of the mass conservation equation for vapor:

9(0gpv : MwDby
%— div (HngDO Rp grad(H) — 0477 gDo = p,,grad(T)) =0 (19

SIMCO Technologies Inc. 2013 Page | 42



SIMCO

Technologies inc.

7.1.3 Total moisture transport

Equations (9) and (19) can be added to obtain an expression that gives the combined
transport of liquid water and vapor. Doing so eliminates the m term, which yields:

d(pw + O4py) kskbpPRT 8,7 DMy, p3
— 5 di d(H
at w ,UM H Tt R T ra ( )
kskpfR T dpj OgTsTy Dva H
+ [—”MW’ (ln(H) - p_f,ﬁ) - —R ﬁpv] grad(T)) =0 (20)

Since p;w is much larger than p, 8, the latter term can be eliminated from equation (20).
Assuming that p; does not depend on temperature (as in equation (8)) and w = f(H,T), the
time derivative term can be written as:

a(pw) ow 0H ow 9T

ot - Plonar TPt o (21)

Substituting equation (21) in (20) yields:

grad(H)

ow oH owoT kskﬁprTJregrs DOMWp,,
Piorae T PaTar Y\ Tam, H R T

L2 S
+ [—kskrp’R (ln(H) - plﬁ) _ OgTsTiD8My ip,,] grad(T)) =0 (22)

UM, R T2

Finally, the expressions in square brackets are associated with the nonlinear moisture
conductivity (or diffusivity) parameter D,,y [m?2/s] and the D, [m?/s/°K] coupling term:

_ kekbpiRT | 6gTsTZDIMy, p§
e (23)
_ kskbpiR _ T apd\ _ OgTsTiD8Mw H g
Dinr = 1M,y (ln(H) 3 dT) piR T2PY (24)
which leaves:
ow 0H ow 6
Plonac TPlorac — div(Dppgrad(H) + Dprgrad(T)) = 0 (25)

Equation (25) is similar in form to the well-known model proposed by Philip and de Vries in
1957. The main difference is in the choice of the state variable, where Philip and de Vries
opted for water content.
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This equation was discretized on the basis of the finite element method (FEM). Newton’s
method is used to solve the nonlinear problem. All the parameters mentioned in the
previous paragraphs are defined in the next section.

7.2 Model parameters

This section details the methods used to estimate the parameters found in expressions (23)
and (24). Since the variable in equation (25) is the relative humidity, the numerical
resolution will involve the relative humidity at previous time steps or iterations. This means
that all the parameters must be estimated on the basis of H, T, material properties such as
porosity, and physical parameters such as water density. Expressions and methods to
estimate all the parameters are provided in the following subsections.

7.2.1 Physical parameters and constants
Many parameters forming the moisture conductivity expression (equations 23 and 24) are
either known constants or can be found in textbooks. They are listed here:

e M, and R are constants which values are 0.018 kg/mol and 8.3143 ]J/mol/°K
respectively.

e Liquid phase density p;. In most references, the density of water is taken as a
constant value equal to 1000 kg/m3. Data on the density of water between 0°C and
100°C found in reference (Robinson 2002) may be fitted to a 4th order polynomial
such that:

p =a+bT +cT?+dT3 + eT* [kg/m3], with Tin °C (26)

with  @=999.021, b=0.050720098, ¢=-0.0074926756, d=4.1397363e-5, and
e=-1.3090956e-7. This function gives a maximum water density of 999.99 kg/m3 at
3.484°C. Since the pore solution of cementitious materials is highly concentrated, a
more precise analysis can be performed by considering the presence of dissolved
ionic species in the liquid phase. Data on numerous electrolytes as well as a density
model can be found in (Laliberté 2004).

e Liquid phase dynamic viscosity u. Data on the viscosity of water between 0°C and
100°C found in reference (Robinson 2002) were fitted according to:

u = (a+bT)"Y/¢ [cP], with Tin°C (27)

where a=0.69472263, b=0.015229617, ¢=0.62614422. Similar to the density, the
viscosity of the liquid phase is influenced by the dissolved electrolytes. This is not
considered here.
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e Self-diffusion coefficient of water vapor DJ. Many expressions are listed in reference
(Galbraith 1997). All expressions are dependent on temperature and the ambient
atmospheric pressure. The expression selected in this paper was proposed by
Schirmer (as cited in Galbraith 1997) and was also used in (Krus 1996) to model
moisture transport in building materials:

Po  [m2/s), with Tin °K (28)

T )1.81
Pb

DP =2.305x 1075 (——

where p, is the standard pressure [101.323 kPa] and p, is the ambient atmospheric
pressure. In the implementation of the present model, it was assumed that p, = pp.

e Saturation vapor pressure p;. The expression proposed by (Bolton 1980) was
implemented in the model:

17.67T
T+243.5

p§ = 611.2exp ) [Pa], with Tin°C (29)

The derivative of this expression with regard to temperature is given by:

dpy _ 6.630%x10° ( 17.67T )

dT ~ (T+243.5)2 €XP\772435 (30)

e Gas phase relative tortuosity 7. The gas phase relative tortuosity in equations (23)
and (24) has not been the topic of many studies for cementitious materials. Most
models rely on a Millington-type relationship (Millington 1961). A recent study by
Sercombe et al. (2007) on gas diffusion in cement pastes showed that the relative
tortuosity in cementitious materials fits the relationship:

1
1+asb

tf = (31)

where a=47929.444, b=22.342714 .

e Tortuosity 5. The tortuosity is directly evaluated from migration test results (see
sections 5.4 and 6.4). Appendix D gives the tortuosity of every mix tested in this
study.

7.2.2 Moisture isotherm

Solving the moisture transport equation (25) requires knowing the moisture isotherm of
the modeled material. It is present in the time derivative dw/dH, and in the expression for
Dy through the term 6, since knowing water content and porosity allows calculating the
gas phase volumetric content:

,=¢—w (32)
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It should be noted that terms associated with the temperature dependence if the isotherm
are also part of equation (25). They will not be discussed in this report since all tests have
been performed at constant temperature.

The moisture isotherm is expressed in the model on the basis of the following expression:

1

5= B(HS-1)+1

(33)
where f and § are fitting parameters. Knowing that saturation is related to water content
according to S = w/¢, the time derivative dw/0H in equation (25) can be expressed as:

ow as

An example of measured isotherm data fitted with equation (33) is shown on the next
figure. Since all simulations presented in the next sections were performed for RH
conditions above 50%, only data points for RH = 50% were fitted to have a more accurate
reproduction of the storage function. The moisture isotherm parameters for all mixes are
given in Table 13.
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Figure 29 - Isotherm data fitted with eq. (33) for RH = 50% for 0.4 w/c reference mix
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Table 13 - Moisture isotherm parameters (for RH = 50% data)

Isotherm parameters

Mixture B s
0.4 w/c OPC Reference -2.1095 1.4404
1 gal/yd3 -2.0056 1.2664
2 gal/yd3 -1.9544 1.0895
0.55w/c OPC Reference -4.2966 1.0276
1 gal/yd3 -2.0938 2.4439
2 gal/yd3 -2.1976 2.4229
0.4 w/cOPC Reference -2.4228 1.3867
1 gal/yd3 -3.7475 0.7200
2 gal/yd3 -4.4692 0.5851

7.2.3 Permeability and relative permeability

All test results given in section 6 showed that in most cases, Hycrete® has little influence on
one mixture properties, except when wetting and drying cycles are involved. Moisture
isotherms were initially viewed as a potentially critical parameter for modeling the effect of
Hycrete®, but they also proved relatively unaffected by the admixture, at least not enough to
explain the low absorption rate highlighted by drying/absorption test results.

This leaves two parameters that can be used to reproduce the experimental results:
permeability k; and relative permeability k. (see equation 23). Based on the experimental
results, the main features to reproduce are:

e Low absorption rate, compared to a similar mixture without Hycrete®,
e Similar drying rates at 50% and 75% RH when Hycrete® is present in a mixture.

On top of this, the model must also work correctly for non-Hycrete® mixes, as it did before
in its STADIUM® implementation. Finally, based on experimental results, when Hycrete® is
present in a mixture, its dosage is not considered a significant factor affecting moisture
transport. Similar results were obtained with 1 gal/yd3 and 2 gal/yd3 (see section 6.5).

To achieve all this, SIMCO proposes the use of the following relative permeability function:

1 _ 1
ky = 1-a+aSsb (35)
where a and b are material parameters. Using this function, it is possible to find a set of
values for a and b that allows reproducing the moisture transport in a mixture, depending
on the presence of Hycrete®. The parameters are provided in Table 14. The corresponding
functions are plotted on Figure 30. The plot emphasizes the different behavior between

mixtures with and without Hycrete®. Since lab data such as compressive strength, porosity,
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and diffusion coefficients, did not show a significant difference when the admixture is used,
it is safe to assume that Hycrete® does not have a major impact on the microstructure. This
means that the admixture affects water by other mechanisms, such as molecule
polarization. The mechanisms were not investigated in this study.

Using the correct set of relative permeability parameters, the only properties that is missing
is the permeability, which can be estimated by using the model to find the value that
reproduces the correct drying rate. This analysis shows that in order to reproduce the effect
of Hycrete® on moisture transport, the relative permeability function needs to be coupled
with a very low permeability value. This is illustrated in the next section.

Table 14 - Relative permeability parameters

Type of mixture a b
w/o Hycrete® 70 -5
With Hycrete® 1x104 -30
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Relative Permeability (1)

1.0E-05

~——w/o HYCRETE

1.0E-06

——With HYCRETE

1.0E-07 T T T T T d
0.4 0.5 0.6 0.7 0.8 0.9 1

Saturation (1)

Figure 30 - Plot of the relative permeability function
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7.3 Comparison with experimental data

Using the model described in section 7.1 with parameters listed in section 7.2, it is possible
to replicate drying/absorption test results of both reference and Hycrete® mixtures by
selecting the correct relative permeability parameters (see Table 14) and finding the
permeability that fits the experimental mass variation curves.

The results of the simulations of the drying/absorption tests started after 91 days of curing
on the reference and 2 gal/yd3 mixtures are summarized in Table 15. Some simulation
results are also illustrated on the following figures. Overall, the model shows that it
correctly captures the main feature of Hycrete® mixes, which is a slow absorption rate
compared to the reference mixtures prepared without the admixture. It also correctly
reproduces the similar drying rates observed at 50% and 75% RH.

Table 15 shows that the permeability values needed to replicate the drying/absorption
rates of Hycrete® mixtures are much lower than the corresponding value for reference
materials. Several relative permeability models were tried before the version presented in
this section was finally selected. Many were inspired by similar approaches in soil
transport. But in all cases, it proved impossible to model a low absorption rate without
having a lower permeability for the Hycrete® mixtures.

Table 15 - Analysis of the 91d drying/absorption tests

Permeability (e-22 m?2)

Mixture
Reference 2 gal/yd3
0.40 w/c OPC 61.6 0.8
0.55 w/c OPC 361.0 5.3
0.45 w/b FA 73.0 1.6

The analysis presented in the section illustrates how Hycrete® mixes could be tested within
the context of the UFGS. The drying test procedure of the UFGS methodology could be used,
and the results analyzed using the corresponding relative permeability parameters (Table
14). The resulting permeability would then be used in STADIUM® to perform long-term
chloride ingress simulations. The implementation in STADIUM® is discussed in the next
section.
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Figure 31 - Simulation of drying/absorption - 0.4 w/c OPC mix w/o Hycrete®
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Figure 32- Simulation of drying/absorption - 0.4 w/c OPC mix + 2 gal/yd3
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Figure 33 - Simulation of drying/absorption - 0.45 w/b FA mix w/o Hycrete®
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Figure 34 - Simulation of drying/absorption - 0.45 w/b FA mix + 2 gal/yd3

SIMCO Technologies Inc. 2013 Page | 51



G

SIMCO

Technologies inc.

8 Implementation in a reactive transport model

Following the moisture model development, the next step consisted in implementing the
new approach in STADIUM®. This section summarizes this last portion of the project.
Simulations of long-term chloride ingress in concrete structures are also presented.

8.1 Coupling with STADIUM®

STADIUM® is a model that simulates ionic transport in saturated/unsaturated,
isothermal/non-isothermal cementitious materials. STADIUM® simulates the ingress of the
contaminants and leaching of the ionic species in the pore solution, and the modifications to
the microstructure of the cementitious material, e.g. formation of Friedel’s salt, portlandite
dissolution, C-S-H decalcification, ettringite and gypsum formation.

The model is based on a Sequential Non Iterative Algorithm (SNIA) that separately solves
the transport equations and the chemical equilibrium relationships (Figure 35). The
transport equations (i.e, mass conservation equations for the species, moisture flow,
thermal conduction, and electrodiffusion coupling) are discretized using the finite element
method and solved simultaneously using a coupled algorithm.

STADIUM Graphical User Interface

Input parameters: Output analysis:

material properties chloride ingress rate
exposure conditions corrosion initiation

Mass and energy
transport equations
Chemical equilibrium
equations

End of
calculation?,

STADIUM Calculation Engine

Figure 35 - General overview of STADIUM®

Although the model can address many different ionic transport cases, it focuses mainly on
the ingress of chloride in concrete structures and the initiation of corrosion when it reaches
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the steel reinforcement, as this corresponds to the core business of SIMCO. However, the
model can be used without the interface to solve other types of problems.

The model was designed specifically for cementitious materials. Since the pores of hydrated
cement pastes are filled with a high pH, high alkaline solution and that typical exposure
cases involve highly concentrated solutions (e.g., seawater, deicing salts), the model takes
into account the electrical coupling between the ions and chemical activity gradients. Also,
the model focuses on the dissolution/precipitation chemical reactions due to the high
reactivity of the paste. The formation of secondary species through complexation is not
considered in the current version of the model.

Details relative to the multiionic reactive transport equations forming STADIUM® can be
found in references (Samson 2007a, Samson 2007b) and will not be repeated here. The
model already incorporates the moisture transport model presented in section 7.2. What
needed to be modified within the context of the present study is the use of the new relative
permeability parameters presented in equation (35).

8.2 Comparison with experimental data

The model was tested against the chloride profiles measured on samples constantly
immersed in sodium chloride solutions and exposed to wetting and drying cycles. In order
to perform calculations, STADIUM® needs the following inputs:

e Material properties: tortuosity, permeability, cement/admixtures composition,
initial hydrated cement paste composition, initial pore solution, and hydration rate.

e Boundary conditions: temperature, relative humidity, and ionic concentrations of
the environment. The model offers functions to provide time-dependent exposure
conditions. An average of 60% RH was used to simulate lab conditions.

The transport properties were presented in section 6, except the moisture parameters,
which were detailed in section 7.2. Those same data were used here to perform the
simulations. The first simulations results are presented on Figure 36, and show the model
output for chloride ingress in the 0.4 w/c OPC mix for fully immersed conditions after 6
months of exposure to a 3% sodium chloride solution. The migration test results and
measured profiled from this specific mixture showed a benefit of using Hycrete® as it
translated in lower diffusion coefficients (see section 6.4). This is captured correctly by the
model as the profiles from both data sets are reproduced accurately.
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Figure 36 - Simulation of chloride ingress in the 0.4 w/c OPC mix after
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The next figure (Figure 37) show profiles from the same mixture exposed this time to
wetting and drying cycles. This is where Hycrete® was shown to have a truly beneficial
effect, as it dramatically slows down water absorption rate after a drying sequence. This
leads to a drop in measured chloride ingress, and the model also captures this effect as the
numerical results from the Hycrete® mix exhibit a lower chloride penetration depth,
compared to the reference mixture. The results on Figure 37 show that the model tends to
overestimate the impact of Hycrete®. One possible reason for this is the relationship that
handles the effect of saturation on diffusion coefficients. In STADIUM®, this relationship is
represented by a power function:

D(S) = Dsat[Sn] (36)

where D, represent the diffusion coefficients measured in saturated conditions, on the
basis of the migration test. Using data found in the literature (Larsen 2006), the exponent n
of the power function was set at 7.0. The same function was used on reference and Hycrete®
mixes. But given the impact Hycrete® has on moisture transport, there is a strong possibility
that this function is affected by the admixture. This topic was not addressed in the present
study.

8.3 Long-term simulations

Using the material parameters of the 0.4 w/c OPC mixes presented in the previous section
(reference and 2 gal/yd3), theoretical simulations of chloride ingress in a marine structure
were performed. The case study is illustrated on Figure 38. It consists in a 1-m thick vertical
cope wall exposed to seawater, in the tidal zone. The wetting and drying cycles are modeled
by 6 hours of drying at 70% RH, followed by 6 hours in direct contact with seawater. The
chemical composition of seawater is given in Table 16.

70% RH
Tidal zone:
>6hr/6hr
wet/dry cycles
Im
seawater

Figure 38 - Test case for the long-term simulations
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Table 16 - Seawater composition for the case study

Species Concentration (mmol/L)

cl- 546.2
Na* 466.0

K+ 9.8
S042- 28.0
Mg+ 53.1
Caz+ 10.1

The simulation results clearly highlight the beneficial impact Hycrete® can have over the
long term in a structure exposed to wetting and drying cycles. The chloride profiles
predicted after 50 years are shown on Figure 39 and highlight a much lower penetration
rate for the Hycrete® mixture. This is also emphasized on Figure 40, which shows the
chloride content over time for a cover depth of 60 mm (~2.5 in.). Based on a chloride
threshold of 1.24% per weight of cement (Henocq 2012), or approximately 0.2% per weight
of dry concrete for the mixtures considered in this study, rebars under this concrete cover
would start corroding after 12 years for the reference mixture, compared to 37 years for the
Hycrete® material.

0.50

0.45 ~ ——REFERENCE

0.40 —2GAL/YD3

0.35 A
0.30 -|
0.25 -~
0.20 A

0.15 #

0.10 +

Chloride content (% dry wt.)

0.05 ~

0.00 T T I 1 1 1 1
0 10 20 30 40 50 60 70

Depth (cm)

Figure 39 - Chloride profiles in the cope wall after 50 years in the tidal zone
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Figure 40 - Chloride content vs. time for a cover depth of 60 mm

The simulations also provide information on the saturation level inside the materials after
50 years, as shown on the next plot. Having a lower water absorption rate, the repeated
wetting and drying cycles tend to dry the Hycrete® mixture. In comparison, the reference
material, with its high absorption rate, can reabsorb the water it lost after 6 hours of drying
during low tide. Overall, this material remains almost saturated, according to the numerical
simulations.
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9 Conclusion

This report presented the main results of a study dedicated to the impact of the Hycrete®
damproofing admixture on chloride ingress.

The first part of the study was dedicated to an experimental program aimed at gathering
information on the effect this admixture has on different material properties. The tests were
performed on three different concrete mixtures, and each mix was prepared with 0
(reference case), 1 and 2 gal/yd3 of admixture.

The results showed that Hycrete® has no effect on some properties. According to the
results, compressive strength and total pore volume were not affected by the presence of
the product in the mix. In most cases, the same could be said for diffusion coefficients.
However, one mixture (0.4 w/c OPC) showed a positive effect of Hycrete®; increasing the
amount of admixture contributed to lower the diffusion coefficients for this particular mix.
This was confirmed by ponding tests in immersed conditions.

The tests associated with moisture transport showed beneficial effect when Hycrete® was
considered. In this case, the presence of the damproofing agent was shown to mildly affect
drying rates but clearly lowered water absorption rates. However, using 2 gal/yd3 of
Hycrete® instead of 1 gal/yd3 did not prove effective. The absorption rates, although clearly
much lower than those measured on a comparable reference mixture, were mostly the same
for the two dosages. Also, the tests showed slightly reduced drying rates when more
Hycrete® was used, thus contributing to keep more humidity in the material.

An unusual effect of the admixture was to yield similar drying rates when test specimens
were exposed to 50% and 75% relative humidity conditions. The reference mixes all
behaved as expected: the drying rates were higher for samples exposed to lower RH.

Based on this information, a moisture transport model developed by SIMCO was modified to
account for Hycrete®. This was achieved by proposing a new relationship to model the
relative permeability parameter. Using this new relationship in combination with a lower
permeability allowed reproducing the results of drying/wetting experiments.

This relationship was then implemented in the complete STADIUM® model. It was possible
to reproduce measured chloride profiles in samples exposed to wetting/drying cycles in
sodium chloride solutions. The experimental results showed that a mixture prepared with
Hycrete® and exposed to exposure cycles exhibits a lower chloride ingress rate. The model
results were in line with those experimental observations.

Finally, the model was used to simulate the long-term effect of Hycrete® in the tidal zone of
a marine structure. After 50 years, it was shown that chloride profiles in a mixture
incorporating Hycrete® would extend much less deeper than in a comparable reference mix.
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The direct consequence would be to significantly increase the time before rebar corrosion is
initiated, thus positively contributing to the durability of the concrete structure.
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A. Migration Test Procedure

Theoretical background

The STADIUM® IDC laboratory module is used to analyze migration test results and
estimate the diffusion coefficients of cementitious materials. It is based on the same mass
transport model that powers the full version of STADIUM®.

The mathematical model has been described in several publications (see for instance
Samson 2007a, Samson 2007b). Development specific to the migration test analysis has
been presented in (Samson 2008). This chapter summarizes the model and its application
to migration test analysis.

The model is based on a Sequential Non Iterative Algorithm (SNIA) that separately solves
the transport equations and the chemical equilibrium relationships. The transport
equations are discretized using the finite element (FE) method and solved simultaneously
using a coupled algorithm. The calculation core begins a time step by solving the transport
conservation equations without considering chemical reactions. When this step has
converged, the chemical function analyzes each node of the FE mesh and makes sure that
the pore solution concentrations and the mineral phases are in equilibrium. When this is
completed, another time step starts.

There are four main components to the transport conservation equations: ionic transport,
electrodiffusion potential, moisture transport and temperature (energy) conservation. Since
migration tests are performed in constant temperature and saturated conditions, terms
associated moisture transport and temperature gradients are neglected from the test
analysis. The species mass conservation equation is written as:

acib d(¢c;)
Por T ot

. D;ziF¢
— div <Diq’)grad(ci) + qurad(lp) + DidJcigrad(lnyi)) =0 (A1)

where ¢; is the concentration of species i [mmol/L], ¢ is the amount bound as a result of
physical interaction [mol/kg], ¢ is the porosity [m3/m3], p is the density of the material
[kg/m3], D; is the diffusion coefficient [m?/s], z; is the valence number of the ionic species i, F
is the Faraday constant [96488.46 C/mol], y is the electrodiffusion potential [V], R is the
ideal gas constant [8.3145 J/mol/°K], T is the temperature [°K], and p is the activity
coefficient. One such equation must be solved for each ionic species considered. The activity
coefficients in the model are evaluated on the basis of the Harvie, Moller and Weare (HMW)
implementation of Pitzer’s ion interaction model.

As mentioned previously, chemical reaction terms are absent from the transport equations
because they are solved separately by the chemical module. However, terms are included in
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the previous equation to take into account the physical interaction between the paste and
chloride due to double layer effects. The physical binding term was estimated from binding
experiments performed on hydrated C3S pastes exposed to different -chloride
concentrations. This term is zero for all ionic species except chloride, for which ¢ is given

by:

cg = épcl (A2)

where ¢ is a conversion factor involving the amount of C-S-H in the material that converts
the isotherm estimated in units of [molc/kgary c3s] into [mol/Kgmaterial], and p and u are fitting
parameters. The binding experiments were performed at two different pH conditions: [OH-]
= 40 mmol/L and 435 mmol/L. A linear interpolation between these two hydroxide
concentrations allows estimating the physical binding at any pH. To balance the charges, a
similar term but opposite in sign is applied to OH-.

The electrodiffusion term in the species conservation equation is primarily responsible for
maintaining the electroneutrality in the pore solution. Its role is to balance individual ionic
mobility so that there is no net accumulation of charge at any location in the pore solution.
This term also accounts for the driving force induced by the external potential applied
during the migration test. To solve the diffusion potential, the ionic transport equations are
coupled to Poisson’s equation, which relates the potential in the material to the ionic profile
distributions:

N
div(zsgrad(¥)) + g (Z zl-cl-) =0 (A3)

i=1

where ¢ [6.9x10-10 C/V/m] is the permittivity of water, z is the intrinsic tortuosity of the
material [ m/m ] and N is the number of ionic species in the pore solution.

Chemical equilibrium calculations follow transport calculations to enforce the equilibrium
between the pore solution and the solid matrix at each node of the FE mesh. This is achieved
mainly by precipitating and/or dissolving minerals. It is assumed that the chemical reaction
rates are faster than the transport rate, even under an externally applied potential. The
validity of this assumption was emphasized in (Samson 2008)). The equilibrium of each
phase is modeled according to:

N
Km = 1—[ c/miy,mi with m=1,..,M (A4)
i=1

where M is the number of solid phases, N is the number of ions, K, is the equilibrium
constant (or solubility constant) of the solid m, c; is the concentration of the ionic species i
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[mmol/L], yis its chemical activity coefficient, and v is the stoichiometric coefficient of the
ith ionic species in the mth mineral. Similar to the transport equations, the chemical activity
coefficients are calculated using Pitzer’s interaction model. If the solution is not in
equilibrium with the paste, solid phases are either dissolved or precipitated to restore
equilibrium. The pore solution is thus adjusted to enforce the equilibrium relationships of
the mineral phases. After the pore solution concentrations are modified, the solid phases
are also corrected according to:

PXinlm

St — St—l _
m m p

(A5)

where S, is the amount of a given solid phase [g/kg of material], ¢ indicates the time step, /7
is the molar mass of the solid m [g/mol], and X, represent the amount of a given solid phase
that has to dissolve to reach equilibrium [mol/m3].

The penetration of chlorides in concrete structures leads to the formation of a chloride-AFm
solid compound called the Friedel’s salt (Glasser 2008), 3Ca0.Al;03.CaCl;.10H20. During
migration tests, chloride interacts with the paste even though the externally applied
potential significantly increases the ionic velocity in the pore solution. In STADIUME®,
Friedel’s salt is not considered a pure phase but rather forms solid solutions with AFm
phases: monosulfate and iron-based C4FH13. The equilibrium relationship for the solid
solution is given by:

CD? Ko
= (A6)
> (Css)z/lzl XFriedel fss

where Ki; is the equilibrium constant of the solid solution, (Cl) is the activity of chloride in
the pore solution [mmol/L], (Cs) is the activity of the exchanging species in the AFm end-
member [mmol/L], z is the valence number of this species, y represents the mole fraction of
the solids [mol/kg of material], and fs is a correction factor that accounts for the nonideality
of the solid solution.

The diffusion coefficients in the mass conservation equation are expressed as:

Di =T Dlo (A7)

where 7 is the intrinsic tortuosity of the material and D/is the self-diffusion coefficient of
species i [m2/s]. The self-diffusion coefficients are found in many textbooks and are
constant. STADIUM® IDC performs iterations until it finds the tortuosity that allows
reproducing the measured currents. The current I [A] are calculated in the model as the sum
of the ionic fluxes:
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N
I=SF Z Zij; (A8)
i=1

where j; [mol/m?2/s] is the ionic flux of species i, and S [m?] is the surface of the sample. The
expression for the flux is:

D;z;F¢
RT

Jji = —Dipgrad(c;) — cigrad(y) — D;¢c;grad(Iny;) (A9)

The next figures show examples of IDC simulations:
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Figure 42 - Simulation of migration test measurements 0.45 w/c OPC mixture,
ASTM Type I/Il cement

Detailed experimental procedure

1.1 Scope
This test evaluates the diffusion coefficient of ion species in cementitious materials. It is a
modified version of the AASHTO T259 and ASTM C1202 Standard Test procedures.

1.2 Summary of Test Method

The test method consists in monitoring the intensity of electrical current passed through a
cylindrical test specimen over a 10 to 15-day testing period. An appropriate DC potential is
maintained constant across the specimen by an electrical power supply. The upstream cell
is filled with a chloride-containing electrolytic solution and connected to the negative
electrode, while the downstream cell is filled with a base solution and connected to the
positive electrode. If desired, chloride ion penetration through the specimen can be
monitored by periodically analyzing the chloride content in the downstream cell.
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1.3 Significance and use

= The ion diffusion coefficients are the main transport parameters. These coefficients
must be evaluated and input into STADIUM® in order to perform a numerical simulation
to estimate the service life of a concrete structure.

» The output data are the recorded current intensities during testing. This information is
required to evaluate the ion diffusion coefficients.

1.4 Apparatus and test cells

= Migration cell assembly [See Section 1.10]

» Constant voltage power supply - output: 0-30V DC; capacity: 0-2 A

= Digital voltmeter: measures DC potential in the 12-24 V range and current intensity to
0.1 mA accuracy in the 0-200 mA range and to 0.01 a accuracy in the 0.2-1 A range.

= Electrically conductive wires to connect the power supply output to the electrodes
through jacks attached to the test cells. The electrical resistance of each wire should be
less than 0.01 ohm.

» Measuring probes inserted through small holes in the cells to measure potential
difference across the specimen. One end of the probe connects to the jack on the
voltmeter.

* Vacuum saturation apparatus (vacuum pump, container, pressure gauge, etc.)

= Specimen sizing apparatus (rulers)

* Balance (repeatability: 0.01g)

*  Funnel and containers (made of chemical-resistant material).

1.5 Reagents and materials

= Aqueous solution of 0.5M sodium chloride (NaCl) mixed with 0.3M sodium hydroxide
(NaOH) [See Section 1.10]

= Aqueous solution of 0.3 M sodium hydroxide (NaOH) [See Section 1.10]

= Sealant: waterproof silicon sealant is recommended.

= Distilled or deionized water for solution preparation.

1.6 Test specimens

Cylindrical specimens are required for the test. It is recommended to test at least two
samples per concrete mixture. Specimens should be 96-102 mm (i.e., approximately 4 in.)
in diameter. Concrete specimens should be 50 £+ 2 mm (2 in.) thick. Mortar specimens
should be 35-50 mm thick. Sample preparation and selection depend on the purpose of the
test. Test specimens may be obtained from laboratory-cast cylinders or cores extracted
from existing structures. All specimens should be properly identified prior to testing. A
companion sample is needed for porosity measurement according to ASTM C642 Standard
Test Method. This supplementary test provides data for migration test analysis. For relevant
results, these additional samples should have identical histories (curing, exposure
conditions, and storage conditions) to the testing samples.
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1.7 Specimen Conditioning

Test specimens should be vacuum saturated with 0.3M NaOH for approximately 18 hours
following the procedure described in ASTM C1202. The saturation procedure is
summarized as follows: immerse the specimens in the 0.3M NaOH solution contained in the
vacuum container. Turn on the vacuum pump. When the pressure gauge shows maximum
vacuum pressure (less than 1 mm Hg, or 133 Pa), keep the pump running for about 2 hours.
With all valves closed, turn off the pump and maintain vacuum conditions for 18 hours.
Open the air valve to release the pressure.

1.8 Test Procedure

Dry the surfaces of the vacuum-saturated specimens with a clean cotton cloth or soft
tissue.

Measure the dimensions of each specimen. Diameter and thickness should be measured
to a precision of at least 0.1 mm or better. Each parameter is determined by the average
of 2 measurements (minimum) at different positions. Weigh the surface-dried specimen
to a precision of 0.1g.

Seal and mount each specimen onto the two connecting rings (See Section 1.10) using
silicon, and completely coat all side surfaces with silicon (about 2-3 mm thick, Figure
43).

Place the specimens in a well-ventilated area and cover the exposed surfaces with wet
paper for about 2 hours until the silicon is almost dry and strong enough for handling.
Remove any surplus silicon from the inner surface of the specimen along the ring edges
to obtain maximum exposure surface. Make sure to minimize contamination of the
exposed surfaces by silicon (Figure 43).

Measure the diameter of the specimen’s actual exposure area using two measurements
at different positions across the radial section. This diameter should be approximately
equal to the ring mouth diameter.

Mount the specimen and the two rings onto the two cells (Figure 44). To avoid leakage,
apply vacuum grease where the ring assembly comes into contact with the cells. Securely
tighten the bolts holding the two cells together. Cells should be filled with water
alternatively to verify that there is no leakage. After this control step, empty the water
from the cells and remove surplus water with a soft tissue.

Fill the downstream cell with 0.3M NaOH solution.

Fill the upstream cell with 0.5M NaCl + 0.3M NaOH solution.

Place the setups in their testing sites and connect all the electrodes on the upstream cells
to the negative output of the electricity power supply. Connect all the electrodes on the
downstream cells to the positive output of the power supply (Figure 44).

Turn on the power supply. Adjust the potential output to obtain a potential difference of
16-20 V across all specimens. Potential difference across the specimen is measured with
two bent probes. Connect the two probes into the voltmeter (plug in the jacks), set the
proper range for the voltmeter (e.g., 0-20 V), insert the probes into the cells through the
holes in the cells, and place each probe in contact with the surface of the immersed
specimen. Wait for the reading to stabilize, then record the voltmeter reading (Note: the
potential difference across the specimen is 2-3 volts lower than the output as shown on
the power supply or measured from the two electrodes of the cells).

Measure the current passing through each specimen.
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- Ifthe currentis in 5-100 mA range, the potential level has been properly set. Record
the initial readings of the current intensity (to 0.1 mA accuracy) and the potential
across the specimen (to 0.1 V accuracy). Record the date and time, the name of the
technician performing the measurement and the digital voltmeter used.

- If the current passing through the specimen is below 5 mA, increase the output
potential up to a maximum of 30 V to obtain a current in the proper range.

- If the current is above 100 mA, decrease the potential output to bring the current
down to the proper level (i.e., lower than 70 mA).

- If the initial current under a low potential (e.g., 6 V) is higher than 100 mA, the test
should be performed for 7-day period only.

- A single power supply can run a set of tests if they share the same potential output.
The maximum number of tests depends on the supply output power and total
current intensity. When tests share the same power supply, set the supply current
control to maximum range to ensure a sufficient power output under the desired
constant potential. During testing, both current intensity passing through the
specimen and the potential difference across the specimen might vary within a
certain range, even though the electrical output remains stable and constant.

* During the first day of testing, take measurements of the current intensity passing
through each specimen and the potential difference across each specimen at 0, and 4
hours of duration respectively. Record the time of each measurement.

= After the first day, take measurements of the current passing through each specimen and
the potential difference across each specimen at 24-hour time intervals for 14 days.
Record the time of each of these measurements.

Exposed surface
(to be in contact
with solution

Rings

Coating

Figure 43 - Test specimen sealed and mounted onto the two rings and coated with silicon
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J I— Downstream cell

Upstream cell

Figure 44 - Migration test setup

1.9 Report
Report the following, if known:

Information on the specimens: origin (e.g., mixture ID and curing age of the concrete),
dimensions, mass before and after vacuum saturation, and effective test exposure area
(diameter) for both upstream and downstream sides.

Porosity test results for companion samples.

Experimental record sheet, including test specimen IDs, test conditions, date and time of
each measurement, all potential readings across specimens, and currents passed through
specimens for the entire testing period.

Any abnormal phenomena observed during testing, such as changes in solution color,
solution precipitation, excessive gas evolution from the electrodes, unusual odors,
accidents or problems concerning the electricity supply, etc.

1.10 Additional information
Migration Cell Assembly

Cells

The migration test cells consist of two symmetrical chambers made of polymer materials
(e.g., methyl methacrylate). Each cell is equipped with an electrode (see below) and an
external connector (jack). The volume of each cell should be approximately 3 liters. The
mouth of the cell should fit the connecting ring (Figure 45).

Connecting Rings
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Two connecting rings are required for the test setup. The ring should be made of polymer
materials and designed to hold the specimen from one side and connected to the cell from
the other side. The exposure area should be as large as possible. A typical design for a 4-in.
cylindrical specimen is shown in Figure 45.

l¢ @=1328mm

l—————— =93 mm

@ = diameter

Figure 45 - Connecting ring for 4-in. specimen (96-103 mm)

Electrodes

A rod electrode is installed on each cell. Carbon electrodes should be avoided because they
tend to decompose in the electrolytic solution under the application of a DC potential.
Electrodes made of titanium or ruthenium oxide with titanium coating are recommended.
Each electrode should be securely connected to the external connector by the jack (Figure
44).

Solution preparation

The following procedure describes the preparation of the aqueous solutions:

= Accurately weigh the salt or base (e.g., NaCl or NaOH) of high purity (>99%) to at least
0.001 g accuracy (refer to Table 17).

= Completely dissolve the salt or base into a certain amount of distilled or deionized water.

= Dilute with more distilled or deionized water to a final volume of desired range.

* Thoroughly stir the solutions to obtain homogeneity.

Table 17 - Chemical composition of 1-liter (1000 ml) solutions

Salt /Base (purity: 99%) | Upstream solution (salt): | Downstream solution (base):
0.5M NaCl + 0.3M NaOH 0.3M NaOH
NaOH (g/liter) 12.121 12.121
NaCl (g/liter) 29.515 0
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B. Drying Test Procedure

Theoretical background

The STADIUM® MTC laboratory module uses the moisture transport model in STADIUM® to
analyze drying test results and evaluate the intrinsic permeability of the material as well as
the moisture retention (desorption isotherm) function.

The moisture transport equation combines the mass conservation of liquid and vapor
phases in a single expression based on the relative humidity state variable. Since the drying
test is performed in isothermal conditions, terms associated with temperature variations
are not considered. The mass conservation equation is given by:

ow d0H

S ar div(Dypgrad(H)) = 0 (B1)

where H is the relative humidity [Pa/Pa], w is the water content [m3/m3] and the parameter
Dmu [m2/s] is the nonlinear transport coefficients. The nonlinear transport parameter Dmu
considers the contribution of liquid and vapor phases:

_kskipRT  D9tsty Myps (¢ —w)

Dy = B2
mAE T M, H R T (B2)

where ¢ is the porosity [m3/m3], k, is the intrinsic permeability [m?2], k! is the relative liquid
permeability [m2/m?], p is the liquid water density [kg/m3], R is the ideal gas constant
[J/mol/°K], u is the dynamic viscosity of the liquid phase [Pa.s], M. is the molar mass of
water [kg/mol], D\° is the self-diffusion coefficient of water vapor [m?/s], 6, is the gas phase
content [m3/ms3], 7 is the intrinsic tortuosity [m/m], 79 is the relative tortuosity of the gas
phase [-], and p,s is the saturation vapor pressure [Pa].

Most of the parameters in the previous expression can be found in the literature:

e T:corresponds to the testing temperature. The drying tests are usually performed at
23 °C.

e R:theideal gas constant has a value of 8.3145 |/mol/°K.

e p;: data on density of water between 0 °C and 100 °C found in reference (Robinson
2002) were fitted to a fourth-order polynomial and implemented in STADIUM®.

e u:similar to density, data on viscosity of water between 0 °C and 100 °C (Robinson
2002) were fitted to a nonlinear function and implemented in STADIUM®.
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e M, : the molar mass of water is 0.018 kg/mol.

e D2: the self-diffusion coefficient is given by an empirical function depending on
temperature and ambient atmospheric pressure (Galbraith 1997).

e pS: the calculation of saturation vapor pressure is based on a relationship found in
Bolton (1980).

The calculation of D,u also involves expressions for relative liquid permeability and relative
gas tortuosity. The relationship for relative liquid permeability implemented in STADIUM®
is based on a power function similar to the Millington and Quirk relationship (1961) used
for ionic diffusivity. The relative gas tortuosity expression was derived on the basis of data
found in the literature (Sercombe 2007).

Some parameters are obtained from other testing procedures. This is true of porosity and
tortuosity. Porosity is measured from the ASTM C642 test procedure. Tortuosity is
measured on the basis of a migration test. This testing procedure is part of the STADIUM®
Lab package.

The final parameter needed for the analysis is the moisture isotherm function w=f{H), which
characterizes the moisture equilibrium of the material. In STADIUM®, this relationship is
expressed as:

¢

Y Be(HS — 1) + 1

(B3)

where £ [-] and ¢ [-] are parameters that can be determined experimentally. Typical
isotherm curves are shown in the next figure. In STADIUM® MTC, the parameter & is
estimated from the concrete mixture composition. The parameter £ is calculated directly
from the mass loss data measured from the 10-mm series during the drying test.

0.14 0.14
>
012 1 4 Desorption data 0.12 & Desorption data
>
& —— Model & —— Model
g 01 g 01
= 0.08 = 0.08 A .
f = c
] 2
f=4 i c i ’
3 0.06 3 0.06
g ]
S 0.04 Fitting parameters: S 0.04
= = -
B:-55.015 ry ¢ Fitting parameters:
0.02 5:0.2877 0.02 p:-25.174
5:1.9047
0 T T T T 0 T T T
0.0 0.2 0.4 0.6 0.8 0.0 0.2 0.4 0.8 1.0

Relative Humidity

1)

a) Ordinary concrete, 0.5 w/c
Figure 46 - Typical moisture isotherms

Relative Humidity (1)

b) Ordinary concrete, 0.75 w/c
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The only unknown parameter in the moisture transport model is the permeability.
STADIUM® MTC finds the permeability iteratively by solving the moisture transport
equation until the model reproduces the measured mass loss of the 5-cm drying test series.
The equation is discretized using the finite element method and an Euler implicit scheme
for the transient term. The nonlinear system of equation resulting from the discretization is
solved using Newton’s method. The calculations begin assuming initial saturation of the
material (H=1.0). The boundary conditions are expressed as an exchange term:

q= hw(H - HOO) (B4)

where h,, is the exchange coefficient [m/s] and H. is the relative humidity of the
environment. The default value of hy, is 5.0e-9 m/s and the relative humidity is 0.5 (50%),
according to the drying test laboratory procedure. The value of h, corresponds to the
exchange coefficient in a properly ventilated chamber.

The mass loss curves are calculated from the relative humidity profiles. At selected time
steps, the model first calculates the water content from the relative humidity using the
water desorption isotherm. The water content profile is then integrated to obtain the mass
loss:

L
AM|, = [f (¢ — w)dx]S (B5)
0

where AM|, is the mass loss evaluated at time t [grams], L is the average thickness of the
samples [cm], and S is the average exposed surface [cm?]. The next figures show examples
of STADIUM® MTC simulations.
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Figure 47 - STADIUM® MTC simulation of OPC mixture (Type V cement, 0.45 w/c)
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Figure 48 - STADIUM® MTC simulation of mixture with silica fume
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Detailed experimental procedure

1.1 Scope

This test determines the drying rate of Portland cement concrete by measuring the mass
loss due to evaporation and moisture transport in specimens exposed to constant
temperature and relative humidity.

1.2 Significance and Use

Drying behavior reflects the mass transport properties of concrete (e.g., permeability) to a
certain extent, and depends on a number of factors such as concrete mixture proportions,
presence of chemical admixtures and supplementary cementitious materials, composition
and physical characteristics of the aggregates and cementitious materials, curing conditions,
degree of hydration, presence of microcracking, and surface treatments such as sealers and
membranes. Drying behavior is also strongly affected by the moisture condition of the
concrete as well as environmental conditions such as temperature, relative humidity, and
air flow rate.

1.3 Apparatus

= Drying chamber: The test must be performed in a temperature and humidity
controlled chamber with temperature maintained constant at 23+2°C and relative
humidity at 5024%. The chamber should have proper support (e.g., a shelf) inside to
allow airflow around each specimen. The chamber should be sufficiently spacious to
hold all the test specimens. The chamber should be well ventilated, with airflow rate
according to ASTM C157: 5.4 (Standard specifications for drying chamber).

=  Hygrometer: During testing, 2-3 hygrometers should be placed near the specimens
to monitor local relative humidity. Digital hygrometers are recommended.

= Absorbent tissues: at least two. Tissues should be at least 35cm x 35cm in size.

= Balance: The balance for weighing the specimens should have a capacity of = 1500g
and a repeatability of < 0.01g. It should be mounted on a proper support (Figure 49)
in the laboratory.

» Device for weighing specimens in water: The device should allow the operator to
conveniently weigh the specimens in water using the same balance (Figure 49).

1.4 Sealing and Coating Materials
=  Epoxy: Various brands of commercial epoxy may be used provided it has excellent
coherence with concrete and is completely impermeable.
* Insome cases, wax may also be used as sealing material.

1 A walk-in chamber is always preferable, so that the balance can be installed inside and maintained
in uniform conditions.
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Figure 49 - Balance and device for weighing specimen in air and water

1.5 Test Specimens

»  Three cylindrical specimens 10 # 1 mm in length and three specimens 50 + 2 mm in
length should be prepared for each tested material. Test specimens may be cut
from either laboratory-made cylinders or cores extracted from field structures.

=  When testing laboratory-made concrete, the concrete should be cured in saturated
conditions (e.g., in limewater or a 100% RH moist chamber) for at least 28 days,
and the diameter of the cast cylindrical specimens should be at least 100 mm (4
inches). Prepare test specimens according to the following procedure:

O

O

One week prior to testing, cut test specimens as described in 1.5 from
the middle portion of the cylinders (Figure 50).

Take the dimension of each test specimen to the nearest 0.1 mm (three
length measurements and three diameter measurements).

Weigh each specimen in air (Note: when weighing a wet specimen, dry
the surface with cloth or tissue before putting it on the balance) and in
water, respectively using the balance and the device, as described in 1.4
and 1.5 and shown in Figure 49.

Coat and seal the side (round) surface of each specimen with
impermeable material, as described in Section 1.4, leaving the two end-
surfaces uncoated to act as exposed surfaces (Figure 51) (Note: before
applying coating material, thoroughly dry the surface of the specimen by
rapid blowing with compressed air).

Once the coating and sealing layer has dried and hardened, place the
specimens in limewater until testing.

=  When testing field concrete, cores with a diameter of at least 100 mm (4 inches)
should be extracted from the structure. Once the cores are received at the
laboratory, do the following:

e}

Photograph the cores.
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o Cut test specimens from the cores, as described in 1.5 (Note: the test
specimen may or may not contain the exposed surface of the structure,
depending on the requirement).

o Take the dimensions of each test specimen to the nearest 0.1 mm (two
measurements of thickness and two measurements of diameter).

o Immerse the specimens in limewater for one week, then weigh each
specimen in air (see Note for 1.5) and in water

o Coat and seal the side (round) surface of each specimen with
impermeable material, as described in Section 4 (see Figure 51).

o Once the coating and sealing layer has dried and hardened, weigh the
specimens, then immerse them in limewater for 7 days and weigh them
again. If the weight determined after immersion for the same specimen
shows >0.5% variation from the previous mass of the specimen, re-
immerse it in limewater for another 7 days and weigh it again. Once the
weight determined after the additional 7 days’ immersion shows <0.5%
variation from the previous mass of the specimen, the specimen is ready
for testing. For the drying test, it is very important that the test be
started when the samples are fully saturated. All mass should be taken in
a SSD state.

» In both cases, the test specimens should be kept in limewater before beginning the
drying test.
»  Porosity and ion diffusion coefficient must be determined in order to analyze the

drying test results.
l* Cast concrete cylinders
i :1. ¥ 9
2 T '

| o=
S
-

;l

50 mm

10 mm

50 mm

Figure 50 - Preparation of test specimens from the middle portion of laboratory
cast concrete cylinders of 4 in (100mm) in diameter

3.6 Procedure
= Remove the surface water from the saturated test specimens (with sealed side
surfaces) using moist tissue. Place the specimens near the balance. Protect the
surfaces of specimens with moist tissue to prevent them from drying.
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Coating

4

Take the initial masses by weighing them on the balance one at a time (Figure 49).
Each weighing should last no longer than 30 seconds. After each weighing, protect
the specimen with the moist tissue to prevent it from drying.

When the initial masses of all the specimens have been taken, transfer all the
specimens at the same time to the drying chamber. Place them on the appropriate
supports (Figure 51 or Figure 52). Record the time and date on the work sheet, and
the drying test begins.

Coating

Exposure
surface

y o} b 4
& ; .\ Exposure [
N3 %] 5

I N N N N N Y N N Y

Figure 51 - Case 1: the specimen is placed on a shelf in the drying chamber

Exposure surface

Coating

//I!_ntiilxtll;

Figure 52 - Case 2: the specimen is placed on a support in the drying chamber

Monitor the weight change of the specimens by periodically weighing them in the
same place in the laboratory and using the same balance, according to the following
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schedule (Note: each weighing of all six specimens should be completed within five
(5) minutes):
o Week 1: one (1) measurement (including initial weighing) per day, with a time
interval of 24+2 hours

o Week 2: three (3) measurements per week, with a time interval of 48+2 hours.
o After week 2: one (1) measurement per week, with a time interval of 7+1 days.

= Stop the drying test when constant mass is observed for the 10-mm thick specimens.
The constant mass is defined as four successive mass measurements that show less
than £0.5% variation from the previous measurement:

100 (m, —m__, )|

| - |<O.5

where m; is the current measurement and m;.; is the previous one.

3.7 Report

= Data on the specimens: (1) age of hydration; (2) date when the specimens were
extracted; (3) dimensions of each specimen; (4) weights of each specimen before
coating, taken in air and water

= (Concrete mixture or material reference number and all other relevant information
(cement type, cure duration, w/c ratio, etc.).

= Porosity tested according to ASTM C642 whenever possible.

= [on Migration Coefficient (modified ASTM C1202).

= Completed experimental records: mass determinations over the entire test period.

= Cumulative mass losses plotted against testing time (Figure 53).
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Figure 53 - Mass loss in specimens during drying test
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C. Complete ASTM C642 Experimental Data

The information shown in the following tables refers to Table 7 results.

Table 18 - Completed ASTM C642 test results for concrete mixtures M1, M2, M3

Values
Parameters MI M1 M1 M2 M2 M2 M3 M3 M3
28d 91d 365d 28d 91d 365d 28d 91d 365d
A Mass of oven dried 9164 9315 8979 9239 9088 908.1 9255 943.0 957.7
sample (g) 8652 923.0 8750 942.0 9341 8952 9472 9285 950.2
B Mass of sampleinair 9636 980.1 9468 9756 9474 960.0 9781 991.1 10065
after immersion (g) 910.0 9714 923.5 9904 9753 9465 998.2 9784 996.5
Mass of sample in air
. . 965.6 9809 9472 9741 9560 958.6 9773 990.5 1006.2
¢  afterimmersionand 107 973 9239 990 9832 9452 997.1 9777 9954
boiling (g)
Apparent mass of
D sample in water after 5533 5622 5418 5668 5556 5579 567.8 580.1 586.5
immersion and 5229 5565 531.0 579.0 5709 5489 5818 570.2 584.4
boiling (g)
1 Bulk density, dry 222 222 221 226 227 226 226 229 228
g (g/cm3) 222 221 222 229 226 225 228 227 231
2 Apparent density 252 252 252 258 257 259 258 259 257
g (g/cm3) 252 251 254 259 257 258 259 259 259
Bulk density after 233 234 233 239 236 239 238 241 239
immersion (g/cm3) 234 233 235 241 236 238 240 240 242
Bulk density after
immersion and 234 234 233 239 238 239 238 241 239
. 234 233 235 241 238 238 240 239 242
boiling
Absorption after 5.2 5.2 5.44 5.6 4.2 5.72 5.7 5.1 5.1
immersion (%) 5.2 5.2 5.54 5.1 4.4 5.73 5.4 5.4 49
Absorption after
immersion and 5.4 5.3 5.49 5.4 5.2 5.57 5.6 5.0 5.1
. 5.4 5.4 5.59 5.0 5.3 5.59 5.3 5.3 4.8
boiling (%)
Volume of permeable
voids (%) 11.9 118 122 123 118 126 127 116 116
120 120 124 115 119 126 120 121 11.0
(C-A)/(C-D)x100
Average volume of
permeable voids 119 119 123 119 119 126 123 118 11.3
(porosity, %)
Average absorption
after immersion and 5.4 5.4 5.5 5.2 5.2 5.6 5.4 5.2 49
boiling (%)
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Table 19 - Completed ASTM C642 test results for concrete mixtures M4, M5, M6

Values
Parameters M4 M4 M4 M5 M5 M5 M6 M6 M6
28d 91d 365d 28d 91d 365d 28d 91d 365d
A Mass of oven dried 865.2 9019 8851 9252 8785 8653 8979 9053 9033
sample (g) 890.2 929.0 889.3 888.7 8849 8960 9008 929.8 887.7
B Mass of sampleinair 9239 9589 9445 9889 9270 9278 9602 970.1 967.7
after immersion (g) 9458 980.7 9462 9504 931.8 9594 9609 992.8 950.7
Mass of sample in air
C after immersion and 9253 9603 9454 9874 9375 9260 960.1 967.2 966.1
. 9472 9823 947.0 9487 9427 9578 960.7 989.6 9492
boiling (g)
Apparent mass of
D sample in water after 5174 5424 5319 5634 5324 5220 5452 5506 5513
immersion and 535.2 560.2 5335 541.0 537.6 5414 5475 564.0 5413
boiling (g)
1 Bulk density, dry 212 215 214 218 216 214 216 217 217
g (g/cm3) 216 220 215 218 218 215 218 218 217
2 Apparent density 248 250 250 255 253 252 254 255 256
g (g/cm3) 250 251 249 255 254 252 254 254 256
Bulk density after 226 229 228 233 228 229 231 232 233
immersion (g/cm?3) 229 232 229 233 230 230 232 233 233
Bulk density after
immersion and 226 229 228 232 231 229 231 232 232
. 229 232 229 232 232 230 232 232 232
boiling
Absorption after 6.8 63 671 69 5.5 7.2 6.9 7.2 7.1
immersion (%) 6.3 5.6 6.40 6.9 5.3 7.1 6.7 6.8 7.1
Absorption after
. . 6.9 6.5 6.81 6.7 6.7 7.0 6.9 6.8 6.9
immersion and 64 57 649 67 65 69 67 64 69
boiling (%)
Volume of permeable
voids (%) 147 140 146 147 146 150 150 149  15.1
13.8 126 140 147 143 148 145 140 151
(C-A)/(C-D)x100
Average volume of
permeable voids 143 133 143 147 144 149 147 144 151
(porosity, %)
Average absorption
after immersion and 6.7 6.1 6.7 6.7 6.6 7.0 6.8 6.6 6.9
boiling (%)
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Table 20 - Completed ASTM C642 test results for concrete mixtures M7, M8, M9

Values
Parameters M7 M7 M7 M8 M8 M8 M9 M9 M9
28d 91d 365d 28d 91d 365d 28d 91d 365d
A Mass of oven dried 8659 889.4 907.0 9024 890.5 8569 9173 883.8 874.2
sample (g) 897.0 9049 8953 889.1 901.2 8605 924.7 919.0 898.1
B Mass of sample inair 9169 9433 9589 9613 9395 9155 9755 940.1 9315
after immersion (g) 952.8 955.2 948.6 9453 9514 920.1 9814 9759 956.0
Mass of sample in air
C after immersion and 9184 9446 960.4 961.7 9474 9156 975.7 939.0 931.6
. 9545 956.6 9499 645.8 959.0 9200 9815 975.0 956.5
boiling (g)
Apparent mass of
D sample in water after 5207 5358 5473 5440 5366 5156 5589 5393 5305
immersion and 5425 5475 5419 5369 5437 5188 5639 5618 549.0
boiling (g)
1 Bulk density, dry 217 217 219 216 216 214 220 221 218
L (g/cm?) 217 221 219 217 217 214 221 222 220
2 Apparent density 2.50 2.51 2.52 2.51 2.51 2.51 2.55 2.56 2.54
8% (g/cm?) 253 253 253 252 252 251 256 257 257
Bulk density after 230 230 232 230 228 228 234 235 232
immersion (g/cm3) 2.31 2.33 2.32 2.31 2.29 2.29 2.35 2.36 2.34
Bulk density after
immersion and 2.30 2.31 2.32 2.30 2.30 2.28 2.34 2.34 2.32
o 2.31 2.33 2.32 2.31 2.30 2.29 2.35 2.36 2.34
boiling
Absorption after 5.9 61 572 65 5.5 6.8 6.3 6.4 6.6
immersion (%) 6.2 5.6 5.95 6.3 5.6 6.9 6.1 6.2 6.5
Absorption after
. . 6.1 6.2 5.88 6.6 6.4 6.8 6.4 6.2 6.6
immersion and 64 57 609 64 64 69 61 61 65
boiling (%)
Volume of permeable
voids (%) 13.2 13.5 12.9 14.2 139 14.7 14.0 13.8 14.3
14.0 12.6 13.4 13.9 13.9 14.8 13.6 13.5 14.3
(C-A)/(C-D)x100
Average volume of
permeable voids 13.6 13.1 13.1 14.0 13.9 14.7 13.8 13.7 14.3
(porosity, %)
Average absorption
after immersion and 6.2 6.0 5.99 6.5 6.4 6.9 6.3 6.2 6.5
boiling (%)
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D. Simulation reports - Migration tests

The following pages provide the simulation reports generated by the STADIUM®-IDC
module, which is used to analyze migration test laboratory data.

NOTE: In some cases, it can be seen on the graphs that the model has trouble reproducing the
initial 50 hours of migration tests. At the beginning of testing, the current is mostly controlled
by the composition of the pore solution. After that, it is the diffusion characteristics
(tortuosity) that control current. The difficulty with the first 50 or so hours of testing is that it
is not possible to precisely know what is the exact composition and spatial distribution of the
pore solution because it is influenced by the material itself but also by the conditioning (in this
case, limewater curing) and vacuum conditioning procedure. However, the objective of the test
is to determine diffusion coefficients, which are not much influenced by this parameter.
Accordingly, the model focuses mostly on fitting the current values measured at the end of the
test to determine diffusion coefficients.
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Project Ref, :

Test : M1-mig-91d

ANLSTROIUM

CONCRETE

Material Experimental Data Results

WiB: 040 Temperature ; 3 ¢ OH Diff. Coef.: 11.23 o1l mijs
Cement Type ! Typa 1 Avg. Thickness : 51.0 mm .
Cement @ 350 kg'm?* Eff. Diameter : 101.2 mm Tortuasity : 0.0213
SCM W1l 2 o ka'm? Upstream Call ;
SCH #2 = ] kg/'m? 300 mmolfL MalOH
SCM #1; o kg/m? SO0 mmelil Hacl
Coarse Agg. : 1000 kg'm® Dewnstream Cell :
Fine Agg. : FO0 kgym? 300 mmal/L MaoH
Water Content : 1584 kg'm*
Air Cantant : 50 W
Prarolly ¢ iia L
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SOLUTION

CONCRETE

Time[hours]

Material Experimental Data Results
Mix : M1-Ref Temperature : 23 °C OH Diff. Coef.: 12.27 e-11m2/s
W/B: 0.40 Avg. Thickness : 50.8 mm -
Tortuosity : 0.0233
Cement Type : Type I Eff. Diameter : 101.5 mm Y
Cement : 390 kg/m?3 Upstream Cell :
Coarse Agg. : 1000 kg/m? 300 mmol/L NaOH
Fine Agg. : 790 kg/m?3 500 mmol/L NacCl
Water Content : 156  kg/m3 Downstream Cell :
Air Content : 6.0 % 300 mmol/L NaOH
CNI: 0 I/m3
Porosity : 123 %
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ANLSTROIUM

CONCRETE

Material Experimental Data Results

WiB: 040 Temperature ; 3 °C OH Diff. Coef.: 12,22 o1l mijs
Cement Type ! Typa 1 Avg. Thickness : 516 mm .
Cement @ 350 kg'm?* Eff. Diameter : 1063 mm Tortuasity : 00232
SCM W1l 2 o ka'm? Upstream Call ;
SCH #2 = ] kg/'m? 300 mmolfL MalOH
SCM #1; o kg/m? SO0 mmelil Hacl
Coarse Agg. : 1000 kg'm® Dewnstream Cell :
Fine Agg. : FO0 kgym? 300 mmal/L MaoH
Water Content : 1584 kg'm*
Air Cantant : 50 W
Prarolly ¢ iia L
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Project Ref, :

Test : M2-mig-91d
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CONCRETE

Material Experimental Data Results

WiB [ERR} Temparature : 23 °C OH Diff. Coef. : £.37 e-11 mijs
Cament Type ! Typa 1 Avg. Thickness = 51.7 mm .
Cement @ 350 kg'm?* Eff. Diameter : 101.4 mm Tortuasity : 0.0139
SCM W1l 2 o ka'm? Upstream Call ;
SCH #2 = ] kg/'m? 300 mmolfL MalOH
SCM #1311 o kg/m? 500 mmoliL Hacl
Coarse Agg. : 1000 kg'm® Dewnstream Cell :
Fine Agg. : FO0 kgym? 300 mmal/L MaoH
Water Content : 1584 kg'm*
Air Cantant : 50 W
Prarolly ¢ iia L
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Project : RD09024-Hycrete
Project Ref. :

Test : M2-mig-365d
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CONCRETE

Material

Experimental Data Results
Mix : M2 Temperature : 23 °C OH Diff. Coef. : 9.63 e-11m2/s
W/B: 0.40 Avg. Thickness : 51.2 mm -
Tortuosity : 0.0183

Cement Type : Type I Eff. Diameter : 102.0 mm Y
Cement : 390 kg/m?3 Upstream Cell :
Coarse Agg. : 1000  kg/m3 300 mmol/L NaOH
Fine Agg. : 790 kg/m?3 500 mmol/L NaCl
Water Content : 156  kg/m3 Downstream Cell :
Air Content : 6.0 % 300 mmol/L NaOH
CNI: 0 I/m?3
Porosity : 126 %
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Test : M3-mig-28d
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CONCRETE

Material Experimental Data Results

WiB [ERR} Temparature : 23 °C OH Diff. Coef. : 944 e-11 mijs
Cament Type ! Typa 1 Avg. Thickness = 515 mm . -
Cement @ 350 kg'm?* Eff. Diameter : 101.4 mm Tortuasity : 0.0179
SCM W1l 2 o ka'm? Upstream Call ;
SCH #2 = ] kg/'m? 300 mmolfL MalOH
SCM #1311 o kg/m? 500 mmoliL Hacl
Coarse Agg. : 1000 kg'm® Dewnstream Cell :
Fine Agg. : FO0 kgym? 300 mmal/L MaoH
Water Content : 1584 kg'm*
Air Cantant : 50 W
Prarolly ¢ 12.3 L
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ANLSTROIUM

CONCRETE

Material Experimental Data Results

W/B: [N i Temparature ; 23 ag OH Diff. Coef. = 9.39 g1l mis
Cement Type ! Typa 1 Avg. Thickness : 5132 mm . .
Cement @ 350 kg'm?* Eff. Diameter : 1065 mm Tortuasity : 0.0178
SCM W1l 2 o ka'm? Upstream Call ;
SCH #2 = ] kg/'m? 300 mmolfL MalOH
SCM #1; o kg/m? SO0 mmelil Hacl
Coarse Agg. s 1000 kg'm® Dewnstream Cell @
Fine Agg. : FO0 kgym? 300 mmal/L MaoH
Water Content : 1584 kg'm*
Air Cantant : 50 W
Prarolly ¢ 118 L
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CONCRETE

Material

Experimental Data Results
Mix : M3 Temperature : 23 °C OH Diff. Coef. : 8.62 e-11m2/s
W/B: 0.40 Avg. Thickness : 51.0 mm -
Tortuosity : 0.0163
Cement Type : Type I Eff. Diameter : 101.6 mm Y
Cement : 390 kg/m?3 Upstream Cell :
Coarse Agg. : 1000  kg/m3 300 mmol/L NaOH
Fine Agg. : 790 kg/m?3 500 mmol/L NaCl
Water Content : 156  kg/m3 Downstream Cell :
Air Content : 6.0 % 300 mmol/L NaOH
CNI: 0 I/m?3
Porosity : 113 %
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Test : M4-mig-28d
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Water Content : 182 kg'm*
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Matarial Experimental Data Results

WiB: 0.55 Temperature ; 3 ¢ OH Diff. Coef.: 20,61 o1l mijs
Cement Type ! Typa 1 Avg. Thickness = 51.0  mm .
Eement © 10 hgim? Eff. Diameter : 105.8 mem Tostislby s et
SCM #1 : ] kgym?¥ Upstream Call :
SCM #2 @ ] kg'm? 300 mmoliL MadH
SCM 273 : o kg/m? 500 mmolfL Mac
Coarse Agg. : 920 kgim® Dewnstream Cell :
Fine Agg. : S50 kgym? 300 mmal/L MaoH
Water Content : 182 kg'm*
Alr Cantant : &0 b
Prarolly ¢ 13.3 L
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Material Experimental Data Results
Mix : M4-Ref Temperature : 23 °C OH Diff. Coef. : 16.57 e-11 m2/s
W/B: 0.55 Avg. Thickness : 51.0 mm -

Tortuosity : 0.0314

Cement Type : Type I Eff. Diameter : 102.0 mm Y
Cement : 330 kg/m?3 Upstream Cell :
Coarse Agg. : 920 kg/m?3 300 mmol/L NaOH
Fine Agg. : 850 kg/m?3 500 mmol/L NaCl
Water Content : 182  kg/m3 Downstream Cell :
Air Content : 60 % 300 mmol/L NaOH
CNI: 0 I/m?3
Porosity : 143 %
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Material Experimental Data Results
WiB: 0.55 Temperature ; 3 °C OH Diff. Coef.: 1805 o1l mijs
Cement Type ! Typa 1 Avg. Thickness : 51.2 mm . a
Cement @ 310 kg'm?* Eff. Diameter : 1004 mm Tortuasity : 0.0342
SCM W1l 2 o ka'm? Upstream Call ;
SCH #2 = ] kg,n'm’ 300 mmolfL MalOH
SCM &1 : o kg/m?® 500 mmelfl Hacl
Coarse Agg. : 920 kgim® Dewnstream Cell :
Fine Agg. : S50 kgym? 300 mmal/L MaoH
Water Content : 182 kg'm*
Air Cantant : 50 W
Prarolly ¢ 14.7 L
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Technologies inc Test : M5-mig-91d CDNCRETE
Material Experimental Data Results
WiB: 0.55 Temperature ; 3 °C OH Diff. Coef.: 1530 o1l mijs
Cement Type ! Typa 1 Avg. Thickness : 515 mm . o
Cement @ 310 kg'm?* Eff. Diameter : 101.8 mm Tortuasity : 0.029
SCM W1l 2 o ka'm? Upstream Call ;
SCH #2 = ] kg/'m? 300 mmolfL MalOH
SCM #1; o kg/m? SO0 mmelil Hacl
Coarse Agg. : 920 kgim® Dewnstream Cell :
Fine Agg. : S50 kgym? 300 mmal/L MaoH
Water Content : 182 kg'm*
Air Cantant : 50 W
Prarolly ¢ 144 L
o
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Material Experimental Data Results
Mix : M5 Temperature : 23 °C OH Diff. Coef. : 17.37 e-11m2/s
W/B: 0.55 Avg. Thickness : 51.0 mm -

Tortuosity : 0.0329

Cement Type : Type I Eff. Diameter : 101.4 mm Y
Cement : 330 kg/m?3 Upstream Cell :
Coarse Agg. : 920 kg/m?3 300 mmol/L NaOH
Fine Agg. : 850 kg/m?3 500 mmol/L NaCl
Water Content : 182  kg/m3 Downstream Cell :
Air Content : 60 % 300 mmol/L NaOH
CNI: 0 I/m?3
Porosity : 149 %
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Material Experimental Data Results

WiB: 0.55 Temperature ; 3 °C OH Diff. Coef.: 1500 o1l mijs
Cement Type ! Typa 1 Avg. Thickness : 515 mm .
Cement @ 310 kg'm?* Eff. Diameter : 1004 mm Tortuasity : 0.0284
SCM W1l 2 o ka'm? Upstream Call ;
SCH #2 = ] kg,n'm’ 300 mmolfL MalOH
SCM &1 : o kg/m?® SO0 mmeliL Mac
Coarse Agg. : 920 kgim® Dewnstream Cell :
Fine Agg. : S50 kgym? 300 mmal/L MaoH
Water Content : 182 kg'm*
Air Cantant : 50 W
Prarolly ¢ 14.7 L
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Material Experimental Data Results
W/B: 0.55 Temparature ; 23 ag OH Diff. Coef. = 18.57 e-11 mi/s
Cement Type ! Typa 1 Avg. Thickness : 515 mm .
Cement @ 310 kg'm?* Eff. Diameter : 101.4 mm Tortuasity : 0.0352
SCM W1l 2 o ka'm? Upstream Call ;
SCH #2 = ] kg/'m? 300 mmolfL MalOH
SCM #1 1 o kg/m® 500 mmolil Hacl
Coarse Agg. : 920 kgim® Dewnstream Cell :
Fine Agg. : S50 kgym? 300 mmal/L MaoH
Water Content : 182 kg'm*
Air Cantant : 50 W
Prarolly ¢ 145 L

T
d =
n
10— PG R0 | Simulation s—
Pag-rig-%1d | Exp, Data &
° | T
o 50 a0 150 20 250
Thrma[ o]
Design Calculation _
T . Simea Technologies Ine 2010
i:‘ i iil Al right reserved
(__i.z_ﬂ_'--.) STADIUME IDC w3.0
STADIDR==

SIMCO Technologies Inc. 2013 Page | 103



SIMCO

Technologies inc.

This Product is Licensed to : tzhang
Date : 23/02/2012

Contact: J!J?_THHFDIl UM g
Client : :
Project : RD09024-Hycrete

SIMCO Project Ref. : 2
Technologies inc. Tr:;t ::16-mig-365d CONCRETE

Material Experimental Data Results
Mix : M6 Temperature : 23 °C OH Diff. Coef. : 15.62 e-11 m2/s
W/B: 0.55 Avg. Thickness : 50.4 mm -

Tortuosity : 0.0296

Cement Type : Type I Eff. Diameter : 101.6 mm Y
Cement : 330 kg/m?3 Upstream Cell :
Coarse Agg. : 920 kg/m?3 300 mmol/L NaOH
Fine Agg. : 850 kg/m?3 500 mmol/L NaCl
Water Content : 182  kg/m3 Downstream Cell :
Air Content : 60 % 300 mmol/L NaOH
CNI: 0 I/m?3
Porosity : 15.1 %

-
<
E
=
=
:
3
(%]
30—
20—
M6-mig-365d : Simulation  e—
10— M6-mig-365d : Exp. Data A
° \ | | \ | \ |
o 50 100 150 200 250 300 350

Time[hours]

Design Calculation
Approved by: " SIMCO Technologies Inc. 2012
H All right reserved

L )  STADIUM® IDC v3.0
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This Product is Loenssd to : tzhang
Date : OS]

Contact:

Clienk

Froject ; RD{H029-Hycrete

Project Ref, :

Test : M7-mig-28d

SIMCO

Technaologies inc

ANLSTROIUM

CONCRETE

Material Experimental Data Results

WiB: 0.45 Temperature ; 3 °C OH Diff. Coef.: 1040 o1l mijs
Cement Type ! Typa 1 Avg. Thickness : S0LE  mm . -
Cement @ 300 kg'm?* Eff. Diameter : 1063 mm Tortuasity : 0019
SCM W1l 2 S kaim? Upstream Call ;
SCH #2 = ] kg/'m? 300 mmolfL MalOH
SCM #1; o kg/m? SO0 mmelil Hacl
Coarse Agg. : 950 kg'm® Dewnstream Cell :
Fine Agg. : a0 kgym? 300 mmal/L MaoH
Water Content : 183 kg'm*
Air Cantant : 50 W
Prarolly ¢ 136 L

45

Fy

E' i
-i-' ]
3
o

15—

i

PF-riig- 28 | Simulation s—
L] P7-mig-2838 | Exp. Data &
° T T T T
o 50 100 150 Toa 250 3an
Tirmie[ baisrs]

Design Calculation
Approved by:

Simen Technologies Ine 2010

i:’ i3 Al right reserved
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This Product is Loenssd to : tzhang
Date : OS]

Contact:

Clienk

Froject ; RD{H029-Hycrete

Project Ref, :

Test : M7-mig-91d

SIMCO

Technaologies inc

ANLSTROIUM

CONCRETE

Material Experimental Data Results
WiB 045 Temparature : 23 °C OH Diff. Coef. : 5.44 g-11 mi/s
Cement Type ! Typa 1 Avg. Thickness : 51.7 mm .
Cement @ 300 kg'm?* Eff. Diameter : 1021 mm Tortuasity : 0.0103
SCM W1l 2 S kaim? Upstream Call ;
SCH #2 = ] kg/'m? 300 mmolfL MalOH
SCM #1; o kg/m? SO0 mmelil Hacl
Coarse Agg. Q50 kg/m® Downstream Cell
Fine Agg. : a0 kgym? 300 mmal/L MaoH
Water Content : 183 kg'm*
Air Cantant : 50 W
Prarolly ¢ 13.1 L
25
:
o
10-
5 —]
FF-riig- R | Simulation s—
Pi7-mig-%1d | Exp, Data &
° T T T T 1
o 50 100 1540 oo 50 00 Isn
Tirmie[ baisrs]
Design Calculation _
T . Simea Technologies Ine 2010
i:‘ ! iil All right reservad
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This Product is Licensed to : tzhang
Date : 27/01/2012

Contact: ’\ﬂ“‘,)s_ TAD IUHI
Client :

Project : RD09024-Hycrete

S I M c 0 Project Ref. : )
Technologies inc. Test : M7-mig-365d-2 CONCRETE

Material Experimental Data Results
Mix : M7-Ref Temperature : 23 °C OH Diff. Coef. : 1.64 e-11m?/s
W/B: 0.45 Avg. Thickness : 51.4 mm &

Tortuosity : 0.0031

Cement Type : Type I Eff. Diameter : 101.5 mm Y
Cement : 300 kg/m?3 Upstream Cell :
Fly Ash F 75 kg/m?3 300 mmol/L NaOH
Coarse Agg. : 950  kg/m3 500 mmol/L NaCl
Fine Agg. : 800 kg/m3 Downstream Cell :
Water Content : 169  kg/m3 300 mmol/L NaOH
Air Content : 6.0 %
CNI: 0 I/m3
Porosity : 131 %

12—

Current[mA]

4
2 M7-mig-365d-2 : Simulation s
M7-mig-365d-2 : Exp. Data A
o T T T T T T ]
0 50 100 150 200 250 300 350
Time[hours]

Design Calculation
Approved by: g SIMCO Technologies Inc. 2012
All right reserved

iii\i?) STADIUM® IDC v3.0
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This Product is Loenssd to : tzhang
Date : OS]
Contact: AL ETHDIUM
Clienk
s I M c 0 Froject ; RD{H029-Hycrete
Project Ref, : 8
Technologies inc Test : ME-Mig-28d CDNCRETE
Material Experimental Data Results
WiB 045 Temparature : 23 °C OH Diff. Coef. : 941 e-11 mijs
Cement Type ! Typa 1 Avg. Thickness : S0LE  mm . .
Cement @ 300 kg'm?* Eff. Diameter : 101.4 mm Tortuasity : 0.0178
SCM W1l 2 S kaim? Upstream Call ;
SCH #2 = ] kg/'m? 300 mmolfL MalOH
SCM #1; o kg/m? SO0 mmelil Hacl
Coarse Agg. : 950 kg'm® Dewnstream Cell :
Fine Agg. : a0 kgym? 300 mmal/L MaoH
Water Content : 183 kg'm*
Air Cantant : 50 W
Prarolly ¢ 14.0 L
45
20—
Si—t
&
Eg " &
T o35 i
] & “ b
i A —
3 20—
o
15—
i
PE-Mig-J8d | Simlation s—
L] PaS-Mig-J8d | Exp, Data Fs
° T T T T 1
o 50 100 1540 oo 50 00 Isn
Tirmie[ baisrs]
Design Calculation _
T . Simea Technologies Ine 2010
ii ! iil All right reservad
(.__i;) STADIUME [OC »3.0
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This Produsct |5 Loensed to : tzhang
Date : OS] "
Contact: AL STROIUM
Clienk
s I M c 0 Froject ; RD{H029-Hycrete
Projact R, : -
Technologies inc Test : ME-Mig-91d CDNCRETE
Material Experimental Data Results
W/B: 045 Temparature ; 23 ag OH Diff. Coef. = 592 g1l mis
Cement Type ! Typa 1 Avg. Thickness : S0LE  mm .
Cement @ 300 kg'm?* Eff. Diameter : 1021 mm Tortuasity : 00112
SCM W1l 2 S kaim? Upstream Call ;
SCH #2 = ] kg/'m? 300 mmolfL MalOH
SCM #1 1 o kg/m® 500 mmolil Hacl
Coarse Agg. : 950 kg'm® Dewnstream Cell :
Fine Agg. : a0 kgym? 300 mmal/L MaoH
Water Content : 183 kg'm*
Air Cantant : 50 W
Prarolly ¢ 139 L
25
a &
EL =
r
& . = E &
&
15
z " i i i & i i i
:
o
10-
5 —
FE-Mig-21d | Simlation  s—
ME-Mig-21d : Exp, Dara &
° T T
o 50 10 150 200 250
Tirmie[ baisrs]
Design Calculation _
T . Simea Technologies Ine 2010
ii ! iil All right reservad
(.__i_-r-‘) STARIUME IOC «3.0
STADIURE"=
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This Product is Licensed to : tzhang
Date : 23/02/2012
Contact: AW,STADIUM
R Client :
S I M c o Project : RD09024-Hycrete
Project Ref. : *
Technologies inc. Test : M8-mig-365d CONCRETE
Material Experimental Data Results
Mix : M8 Temperature : 23 °C OH Diff. Coef. : 2.21 e-11m?/s
W/B: 0.45 Avg. Thickness : 50.6 mm «
Tortuosity : 0.0042
Cement Type : Type I Eff. Diameter : 102.0 mm Y
Cement : 300 kg/m? Upstream Cell :
Fly Ash F 75 kg/m? 300 mmol/L NaOH
Coarse Agg. : 950  kg/m?3 500 mmol/L NaCl
Fine Agg. : 800 kg/m3 Downstream Cell :
Water Content : 169  kg/m3 300 mmol/L NaOH
Air Content : 6.0 %
CNI: 0 I/m?3
Porosity : 14.7 %
12—
A
10—
ha
A A
A A A A
8 — 4 A A
7y i
<
E A A A A A A 7 S
RS
£
3
5}
4 —|
2 M8-mig-365d : SIMUIation s
M8-mig-365d : Exp. Data A
° x \ T | | T |
o 50 100 150 200 250 300 350
Time[hours]
Design Calculation
Approved by: SIMCO Technologies Inc. 2012
All right reserved
STADIUM® IDC v3.0
3.0.0.1067
STADIU M

SIMCO Technologies Inc. 2013

Page | 110



G

SIMCO

Technologies inc.

This Produsct |5 Loensed to : tzhang
Date : OS] "
Contact: AL STROIUM
Clienk
s I M C 0 Froject ; RD{H029-Hycrete
Projact R, : -
Technologies inc Test : M9-Mig-28d CDNCRETE
Material Experimental Data Results
W/B: 045 Temparature ; 23 ag OH Diff. Coef. = 10.37 e-11 mijs
Cement Type ! Typa 1 Avg. Thickness : 51.1 mm . -
Cement @ 300 kg'm?* Eff. Diameter : 106.7 mm Tortuasity : 0019
SCM W1l 2 S kaim? Upstream Call ;
SCH #2 = ] kg/'m? 300 mmolfL MalOH
SCM #1 1 o kg/m® 500 mmolil Hacl
Coarse Agg. : 950 kg'm® Dewnstream Cell :
Fine Agg. : a0 kgym? 300 mmal/L MaoH
Water Content : 183 kg'm*
Air Cantant : 50 W
Prarolly ¢ 138 L
40
IF—
1
= i
&
i : N &
25— . L ______.u-'
E‘ i i e " m T A
i
3
o
s
10—
PP 8 | Simlation s—
5 — MR-Mig- 38 ¢ Fxp, Data &
° T T T T 1
o 50 100 1540 oo 50 00 Isn
Tirmie[ baisrs]
Design Calculation _
T . Simea Technologies Ine 2010
ii ! iil All right reservad
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STADIURE"=
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This Product Is Lioensed o : tzhang
Date : OS]
Contact: AL ETHDIUM
Clienk
Froject ; RD{H029-Hycrete

SRTRKAY (romre i CONCRETE

Material Experimental Data Results
WiB 045 Temparature : 23 °C OH Diff. Coef. : 428 eg-11 mijs
Cement Type ! Typa 1 Avg. Thickness : 51.2  mm .
Cement @ 300 kg'm?* Eff. Diameter : 1063 mm Tortuasity : 0.0081
SCM W1l 2 S kaim? Upstream Call ;
SCH #2 = ] kg/'m? 300 mmolfL MalOH
SCM #1 1 o kg/m® 500 mmolil Hacl
Coarse Agg. : 950 kg'm® Dewnstream Cell :
Fine Agg. : a0 kgym? 300 mmal/L MaoH
Water Content : 183 kg'm*
Air Cantant : 50 W
Prarolly ¢ 13.7 L

i
A i
A r ' &
[ & F 1 d &
10—
P
3
o
]
i —
Frg-Mig-21d | Simulation  s—
F M-Mig-R1d ; Exp, Dara &
° T T
o 50 10 150 200 250
Tirmie[ baisrs]
Design Calculation _
T . Simea Technologies Ine 2010
i:‘ ! iil All right reservad
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Date : 23/02/2012
Contact:

Client :

Project : RD09024-Hycrete
Project Ref. :

Test : M9-mig-365d

SIMCO

Technologies inc.

This Product is Licensed to : tzhang

Ab>STADIUM

CONCRETE

Time[hours]

Material Experimental Data Results
Mix : M9 Temperature : 23 °C OH Diff. Coef. : 1.77 e-11m?/s
W/B: 0.45 Avg. Thickness : 51.1 mm «
Tortuosity : 0.0034
Cement Type : Type I Eff. Diameter : 100.3 mm Y
Cement : 300 kg/m? Upstream Cell :
Fly Ash F 75 kg/m?3 300 mmol/L NaOH
Coarse Agg. : 950  kg/m?3 500 mmol/L NaCl
Fine Agg. : 800 kg/m?3 Downstream Cell :
Water Content : 169 kg/m? 300 mmol/L NaOH
Air Content : 6.0 %
CNI: 0 I/m?3
Porosity : 143 %
9—
A A i A A
- A A A A N
g 5+ A A A
3
§
£ 4
5}
3
2
M9-mig-365d : Simulation
1 M9-mig-365d : Exp. Data A
° | T { \ | 1 |
o 50 100 150 200 250 300 350

Design Calculation
Approved by:

SIMCO Technologies Inc. 2012
All right reserved
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E. Results of drying-absorption cycles and drying at variable R.H.

The following pages provide the complete experimental results for drying/absorption
cycles performed in 50% and 75% RH chambers, including the results on 10-mm samples
used for the moisture isotherm tests. These results are plotted in groups according to the

material characteristics and test conditions.

NOTE: negative masses are recorded in some cases during the absorption phase of the test.
This indicates that these samples were not fully saturated when the test started. It is possible
to take this into account in the analysis by setting the initial relative humidity of the material
to a value lower than 1.0 (typically 0.98).

Graphic . Mixture Hydration
number Test condition characteristics (days)
1 Drying-50%RH/Absorption M1 (0.4 w/c)
2 Drying-50%RH/Absorption M2 (0.4 w/c+Hycrete-1gal) 28
3 Drying-50%RH/Absorption M3 (0.4 w/c+Hycrete-2gal)
4 Drying-50%RH/Absorption M1 (0.4 w/c)
5 Drying-50%RH/Absorption M2 (0.4 w/c+Hycrete-1gal) 91
6 Drying-50%RH/Absorption M3 (0.4 w/c+Hycrete-2gal)
7 Drying-50%RH/Absorption M4 (0.55 w/c)
8 Drying-50%RH/Absorption M5 (0.55 w/c+Hycrete-1gal) 28
9 Drying-50%RH/Absorption M6 (0.55 w/c+Hycrete-2gal)
10 Drying-50%RH/Absorption M4 (0.55 w/c) 91
11 Drying-50%RH/Absorption M6 (0.55 w/c+Hycrete-2gal)
12 Drying-50%RH/Absorption M7 (0.45 w/c)
13 Drying-50%RH/Absorption M8 (0.45 w/c+Hycrete-1gal) 28
14 Drying-50%RH/Absorption M9 (0.45 w/c+Hycrete-2gal)
15 Drying-50%RH/Absorption M7 (0.45 w/c)
16 Drying-50%RH/Absorption M8 (0.45 w/c+Hycrete-1gal) 91
17 Drying-50%RH/Absorption M9 (0.45 w/c+Hycrete-2gal)
18 Drying-75%RH/Absorption M1 (0.4 w/c)
19 Drying-75%RH/Absorption M2 (0.4 w/c+Hycrete-1gal) 28
20 Drying-75%RH/Absorption M3 (0.4 w/c+Hycrete-2gal)
21 Drying-75%RH/Absorption M1 (0.4 w/c) 91
22 Drying-75%RH/Absorption M3 (0.4 w/c+Hycrete-2gal)
23 Drying-75%RH/Absorption M4 (0.55 w/c)
24 Drying-75%RH/Absorption M5 (0.55 w/c+Hycrete-1gal) 28
25 Drying-75%RH/Absorption M6 (0.55 w/c+Hycrete-2gal)
26 Drying-75%RH/Absorption M4 (0.55 w/c) 91
27 Drying-75%RH/Absorption M6 (0.55 w/c+Hycrete-2gal)
28 Drying-75%RH/Absorption M7 (0.45 w/c) 28
SIMCO Technologies Inc. 2013 Page | 114
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29 Drying-75%RH/Absorption M8 (0.45 w/c+Hycrete-1gal)
30 Drying-75%RH/Absorption M9 (0.45 w/c+Hycrete-2gal)
31 Drying-75%RH/Absorption M7 (0.45 w/c) 91
32 Drying-75%RH/Absorption M9 (0.45 w/c+Hycrete-2gal)
33 Drying: 50%RH - 33%RH i %gj xﬂﬂycrete-z,gal) 28
34 Drying: 50%RH - 33%RH e Eggg x;zl;Hycrete-Zgal) 28
35 Drying: 50%RH - 33%RH % %g:ig %%ycrete_zgal) 28
36 Drying: 50%RH - 75%RH s %gj xﬁl‘.Hycrete-Zgal) 28
37 Drying: 50%RH - 75%RH m Eg:gg X?ETHycrete_zgal) 28
38 Drying: 50%RH - 75%RH ﬁg Egig X;gzr;Hycrete-Zgal) 28
39 Drying: 75%RH - 50%RH e %gj x;gHycrete-Zgal) 28
40 Drying: 75%RH - 50%RH e Eggg %Q‘Hycrete_zgal) 28
41 Drying: 75%RH - 50%RH ﬁg Egig X;gzr;Hycrete-Zgal) 28
42 Drying: 75%RH - 85%RH e %gj x;gHycrete-Zgal) 28
43 Drying: 75%RH - 85%RH ﬁg Eggg X;gzr;Hycrete-Zgal) 28
44 Drying: 75%RH - 85%RH mg Egig xjg;Hycrete-Zgal) 28
5 S Aemie 04w
s S Mmoo 045w/
;S Mo s w055 w/9
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1 - Result of drying-50%RH/absorption for M1 (0.4 w/c) - 28d

14.00 -
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10.00

8.00

6.00

4.00

Cumulative mass loss (g)

2.00

0.00 T
0 20 40 60 80 100 120 140

Time (days)

2 - Result of drying - 50%RH/absorption for M2 (0.4 w/c+Hycrete-1gal) - 28d
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Cumulative mass loss (g)

2.00
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'2.00 T T T T T T T 1
0 20 40 60 80 100 120 140

Time (days)
3 - Result of drying-50%RH/absorption for M3 (0.4 w/c+Hycrete-2gal)-28d

6.00

4.00

2.00

Cumulative mass loss (g)
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'2-00 T T T T T T 1
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4 - Result of drying-50%RH/absorption for M1 (0.4 w/c)-91d
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5 - Result of drying-50%RH/absorption for M2 (0.4 w/c+Hycrete-1gal)-91d
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6 - Result drying-50%RH/absorption for M3 (0.4 w/c+Hycrete-2gal)-91d
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7 - Result of drying-50%RH/absorption for M4 (0.55 w/c)-28d

32.00 A
—4— 10mm-1
28.00

= = N N
e A T
o o o o
© o6 o o

8.00

Cumulative mass loss (g)

4.00

0.00 T T
0 20 40 60 80 100 120 140

Time (days)

8 - Result of drying-50%RH/absorption for M5 (0.55 w/c+Hycrete-1gal)-28d
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9 - Result of drying-50%RH/absorption for M6 (0.55 w/c+Hycrete-2gal)-28d
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10 - Result of drying-50%RH/absorption for M4 (0.55 w/c)-91d
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11 - Result of drying-50%RH/absorption for M6 (0.55 w/c+Hycrete-2gal)-91d
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12 - Result of drying-50%RH/absorption for M7 (0.45 w/c)-28d
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13 - Result of drying-50%RH/absorption for M8 (0.45 w/c+Hycrete-1gal)-28d

20.0 T
18.0 —4— 10mm-1
16.0

140

[EnY
g
o

10.0
8.0
6.0

Cumulative mass loss (g)

4.0

2.0

0.0
0 20 40 60 80 100 120

Time (days)

14 - Result of drying-50%RH/absorption for M9 (0.45 w/c+Hycrete-2gal)-28d
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15 - Result of drying-50%RH/absorption for M7 (0.45 w/c)-91d
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16 - Result of drying-50%RH/absorption for M8 (0.45 w/c+Hycrete-1gal)-91d
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17 - Result of drying-50%RH/absorption for M9 (0.45 w/c+Hycrete-2gal)-91d
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18 - Result of drying-75%RH/absorption for M1 (0.4 w/c)-28d
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19 - Result of drying-75%RH/absorption for M2 (0.4 w/c+Hycrete-1gal)-28d
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20 - Result of drying-75%RH/absorption for M3 (0.4 w/c+Hycrete-2gal)-28d
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21 - Result of drying-75%RH/absorption for M1 (0.4 w/c)-91d
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22 - Result of drying-75%RH/absorption for M3 (0.4 w/c+Hycrete-2gal)-91d
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23 - Result of drying-75%RH/absorption for M4 (0.55 w/c)-28d
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24 - Result of drying-75%RH/absorption for M5 (0.55 w/c+Hycrete-1gal)-28d
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25 - Result of drying-75%RH/absorption for M6 (0.55 w/c+Hycrete-2gal)-28d
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26 - Result of drying-75%RH/absorption for M4 (0.55 w/c)-91d
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27 - Result of drying-75%RH/absorption for M6 (0.55 w/c+Hycrete-2gal)-91d
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28 - Result of drying-75%RH/absorption for M7 (0.45 w/c)-28d
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29 - Result of drying-75%RH/absorption for M8 (0.45 w/c+Hycrete-1gal)-28d
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30 - Result of drying-75%RH/absorption for M9 (0.45 w/c+Hycrete-2gal)-28d
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31 - Result of drying-75%RH/absorption for M7 (0.45 w/c)-91d
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32 - Result of drying-75%RH/absorption for M9 (0.45 w/c+Hycrete-2gal)-91d
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33 - Result for M1 & M3 (0.4 w/c): drying at 50%RH & 33%RH
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34 - Result for M4 & M6 (0.55 w/c): drying at 50%RH & 33%RH
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35 - Result for M7 & M9 (0.45 w/c): drying at 50%RH & 33%RH
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36 - Result for M1 & M3 (0.4 w/c): drying at 50%RH & 75%RH
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37 - Result for M4 & M6 (0.55 w/c): drying at 50%RH & 75%RH

8.00

7.00

6.00

5.00

4.00

3.00

2.00

Cumulative mass loss (g)

1.00

0.00

50%RH { 75%RH

—e—0.45(1)
—.—0.45(2)
—a—0.45 (3)
——0.45 - Hycrete-2 gal (1)
—#—0.45 - Hycrete-2 gal (2)
—e—(0.45 - Hycrete-2 gal (3)

30 60 90 120
Time (days)

150 180

38 - Result for M7 & M9 (0.45 w/c): drying at 50%RH & 75%RH
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39 - Result for M1 & M3 (0.4 w/c): drying at 75%RH & 50%RH
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40 - Result for M4 & M6 (0.55 w/c): drying at 75%RH & 50%RH
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41 - Result for M7 & M9 (0.45 w/c): drying at 75%RH & 50%RH
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42 - Result for M1 & M3 (0.4 w/c): drying at 75%RH & 85%RH
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43 - Result for M4 & M6 (0.55 w/c): drying at 75%RH & 85%RH
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44 - Result for M7 & M9 (0.45 w/c): drying at 75%RH & 85%RH
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46 - Water absorption rates vs. Hycrete content for mixtures of 0.45 W/C
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47 - Water absorption rates vs. Hycrete® content for mixtures of 0.55 W/C
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F. Results of chloride ponding tests

The following pages provide the complete results of chloride ponding tests for the different

concrete mixtures after both constant ponding and wet-dry cyclic ponding. These results

are plotted in groups depending on the material characteristics and type of ponding.

Graphic Mixture Hycrete® Type of Duration of
order ID (gal/yd3) ponding ponding
1 M1, M4, M7 0 Constant 180 days
2 M1, M4, M7 0 Cyclic 180 days
3 M1, M3 0,2 Constant 91 days
4 M1, M2, M3 0,1,2 Constant 180 days
5 M4, M6 0,2 Constant 91 days
6 M4, M5, M6 0,1,2 Constant 180 days
7 M7, M9 0,2 Constant 91 days
8 M7, M8, M9 0,1,2 Constant 180 days
9 M1, M3 0,2 Cyclic 91 days
10 M1, M2, M3 0,1,2 Cyclic 180 days
11 M4, M6 0,2 Cyclic 91 days
12 M4, M5, M6 0,1,2 Cyclic 180 days
13 M7, M9 0,2 Cyclic 91 days
14 M7, M8, M9 0,1,2 Cyclic 180 days
15 M3 2 Constant & Cyclic 91 days
16 M3 2 Constant & Cyclic 180 days
17 M6 2 Constant & Cyclic 91 days
18 M6 2 Constant & Cyclic 180 days
19 M9 2 Constant & Cyclic 91 days
20 M9 2 Constant & Cyclic 180 days
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2 - Chloride profiles in the reference mixtures after six months’ cyclic immersion
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4 - Effect of Hycrete® on mixtures of M1 & M3 after 6 months’ constant immersion
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6 - Effect of Hycrete® on mixtures M4 & M6 after 6 months’ constant immersion
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8 - Effect of Hycrete® on mixtures M7 & M9 after 6 months’ constant immersion
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10 - Effect of Hycrete® on mixtures of 0.4 w/c after 180 days’ cyclic ponding
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12 - Effect of Hycrete® on mixtures of 0.55 w/c after 180 days’ cyclic ponding
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14- Effect of Hycrete® on mixtures of 0.45 w/c after 180 days’ cyclic ponding
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15 - Chloride profiles in Hycrete®-mixture M3 (0.4w/c+2 gal Hycrete) after 91 days’ constant
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16 - Chloride profiles in Hycrete®-mixture M3 (0.4w/c+2 gal Hycrete) after 180 days’
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17 - Chloride profiles in Hycrete®-mixture of M6 (0.55w/c+2 gal Hycrete) after 91d’ constant
and cyclic ponding
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18 - Chloride profiles in Hycrete®-mixture of M6 (0.55w/c+2 gal Hycrete) after 180d’
constant and cyclic ponding
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19 - Chloride profiles in Hycrete®-mixture of M9 (0.45 w/c+2gal Hycrete) after 91d’ constant
and cyclic ponding
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20 - Chloride profiles in Hycrete®-mixture of M9 (0.45w/c+ 2gal Hycrete) after 180d’
constant and cyclic ponding
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G. Statistical analysis results for isotherm tests

Table 21 - Equilibrium saturation at 33% RH

. 28d 91d
Mixture s .2 s.3 51 .2 $.3 AVG STDEV cov
1 0.246 0.273 0.224 N/A 0.248 0.024 0.098
2 0.269 0.277 0.277 N/A 0.274 0.004 0.016
3 0.310 0.319 0.358 N/A 0.329 0.026 0.078
4 0.150 0.165 0.174 N/A 0.163 0.012 0.074
5 0.212 0.211 0.236 N/A 0.220 0.014 0.065
6 0.201 0.169 0.211 N/A 0.194 0.022 0.114
7 0.246 0.231 0.256 N/A 0.244 0.012 0.051
8 0.277 0.266 0.169 N/A 0.237 0.060 0.252
9 0.206 0.232 0.331 N/A 0.256 0.066 0.257
Table 22 - Equilibrium saturation at 50% RH
. 28d 91d
Mixture s S.2 s3 s S.2 $.3 AVG STDEV cov
1 0.440 0.390 0.440 0.478 0.446 0.454 0.441 0.029 0.065
2 0.473 0.495 0.483 0.409 0.496 0.514 0.478 0.037 0.077
3 0.458 0.487 0.494 0.567 0.546 0.540 0.515 0.042 0.081
4 0.371 0.283 0.272 0.427 0.349 0.320 0.337 0.058 0.172
5 0.426 0.346 0.408 0.415 0.394 0.360 0.391 0.032 0.081
6 0.337 0.410 0.378 0.418 0.359 0.399 0.383 0.032 0.082
7 0.334 0.395 0.449 0.420 0.452 0.405 0.409 0.043 0.106
8 0.443 0.454 0.384 0.495 0.443 0.419 0.440 0.037 0.084
9 0.441 0.397 0.402 0.480 0.461 0.468 0.442 0.035 0.079
Table 23 - Equilibrium saturation at 75%RH
. 28d 91d
Mixture s S-2 s3 s S-2 $3 AVG STDEV cov
1 0.512 0.486 0.522 0.620 0.592 0.610 0.557 0.057 0.102
2 0.575 0.584 0.538 0.586 0.593 0.562 0.573 0.020 0.036
3 0.528 0.570 0.559 0.598 0.582 0.593 0.572 0.026 0.045
4 0.409 0.399 0.353 0.498 0.471 0.428 0.427 0.052 0.122
5 0.464 0.463 0.432 0.461 0.436 0.438 0.449 0.015 0.033
6 0.380 0.415 0.431 0.389 0.441 0.397 0.409 0.024 0.060
7 0.572 0.510 0.481 0.560 0.595 0.558 0.546 0.042 0.077
8 0.460 0.447 0.491 0.444 0.460 0.478 0.463 0.018 0.039
9 0.449 0.446 0.445 0.502 0.457 0.431 0.455 0.024 0.054
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Table 24 - Equilibrium saturation at 85%RH

28d

91d

Mixture s1 S.2 $3 s1 S.2 $3 AVG STDEV cov
1 0.641 0.679 0.694 N/A 0.671 0.027 0.040
2 0.723 0.708 0.722 N/A 0.718 0.008 0.011
3 0.780 0.777 0.811 N/A 0.789 0.019 0.024
4 0.585 0.567 0.604 N/A 0.585 0.018 0.031
5 0.569 0.544 0.562 N/A 0.558 0.013 0.023
6 0.618 0.610 0.606 N/A 0.612 0.006 0.010
7 0.651 0.646 0.615 N/A 0.637 0.019 0.031
8 0.793 0.782 0.774 N/A 0.783 0.009 0.012
9 0.779 0.775 0.781 N/A 0.778 0.003 0.004

Table 25 - Equilibrium saturation at 92%RH

. 28d 91d

Mixture s S-2 $3 s S-2 $3 AVG STDEV cov
1 0.850 0.871 0.856 N/A 0.859 0.011 0.012
2 0.891 0.900 0.897 N/A 0.896 0.005 0.005
3 0.916 0.915 0911 N/A 0.914 0.003 0.003
4 0.820 0.798 0.777 N/A 0.798 0.021 0.027
5 0.783 0.780 0.788 N/A 0.784 0.004 0.006
6 0.719 0.748 0.733 N/A 0.734 0.014 0.020
7 0.853 0.803 0.862 N/A 0.839 0.032 0.038
8 0.859 0.857 0.870 N/A 0.862 0.007 0.008
9 0.889 0.895 0.888 N/A 0.891 0.004 0.004
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